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Editorial

Nanometre-Scale Biosensors Revolutionizing Applications in
Biomedical and Environmental Research

Pik Kwan Lo 1,2

1 Department of Chemistry and State Key Laboratory of Marine Pollution, City University of Hong Kong,
Tat Chee Avenue, Kowloon Tong, Hong Kong SAR, China; peggylo@cityu.edu.hk

2 Biotech and Health Care, Shenzhen Research Institute of City University of Hong Kong,
Shenzhen 518057, China

Driven by the convergence of nanotechnology, biotechnology, and materials science,
the field of biosensors has witnessed remarkable advancements in recent years. These
miniature devices can detect specific targets by leveraging recognition receptors, and
subsequently translate biomolecular interactions into measurable signals. The advent of
nanometre-scale biosensors has opened new avenues for the application of these devices
in various domains, including medicine, environment, food, and biomedical research.
One of the key advantages of nanometre-scale biosensors lies in the availability of a wide
array of recognition elements, such as antibodies, enzymes, nucleic acids, peptides, and
carbohydrate-binding proteins. These elements can be easily synthesized and integrated
into biosensor platforms, enabling the transformation of molecular binding events into
various physical signals, including electronic, optical, magnetic, and mass changes. This
versatility allows for qualitative and quantitative analysis of a broad range of biomolecules,
proteins, DNAs/RNAs, biomarkers, metal ions, microorganisms, and toxin pollutants.

In this Special Issue, Moabelo et al. (contribution 1) reported the development of a
rapid and specific biosensor for the detection of retinol-binding protein 4 (RBP4), a potential
biomarker for the early diagnosis of type 2 diabetes mellitus (T2DM). The biosensor utilizes
gold nanoparticles (AuNPs) as the sensing platform and employs a colorimetric detection
approach. The retinol-binding protein aptamer (RBP-A) is immobilized on the surface of the
AuNPs, enabling nanoparticle stabilization. RBP4 binds to the RBP-A, causing detachment
from the AuNPs and resulting in the aggregation of the nanoparticles upon the addition
of sodium chloride (NaCl). This aggregation leads to a visible color change in the AuNP
solution. The developed assay provides a test result within 5 min and demonstrates a limit
of detection of 90.76 ± 2.81 nM. The study highlights the advantages of using aptamers in
biosensing applications, such as their high specificity, selectivity, low molecular weight,
and ease of production. The colorimetric approach based on AuNPs offers simplicity, rapid
response, and high sensitivity, making it suitable for use in point-of-care testing (PoCT)
and resource-limited settings. This study provides a promising approach for the detection
of RBP4, which can aid in the early diagnosis of T2DM.

In their research, Cui et al. (contribution 2) applied a microfluidic live-cell immunoas-
say, integrated with a microtopographic environment, in order to investigate intercellular
interactions in different tumor microenvironments. The platform allows the coculturing
of immune cells and cancer cells on tunable substrates and the simultaneous detection of
different cytokines. It also enables the investigation of migration behaviors of mono- and
co-cultured cells on flat and grating platforms, revealing topography-induced intercellular
and cytokine responses. The study employs a microbead-based sandwich assay for on-chip
cytokine monitoring and achieves precise quantification with a low sample volume and
short assay time. The authors validate the biocompatibility of the co-culture strategy and
compare the immunological states of different cell types on different substrates. The inte-
grated microfluidic platform offers an efficient and precise approach for on-chip cytokine
detection, eliminating manual sampling procedures and enabling continuous cytokine
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monitoring. The findings have implications for early immune diagnosis, personalized
immunotherapy, and precision medicine. This study presents a novel microfluidic plat-
form that enhances our understanding of intercellular interactions and cytokine secretion,
providing valuable insights for the development of optimized diagnosis and treatment
strategies in various fields.

In this Special Issue, Lau et al. (contribution 3) demonstrated the design and devel-
opment of small-molecule fluorescent probes, named DB-TPE, for the selective binding
and detection of RNA sequences containing CAG repeats. These repeats are associated
with neurodegenerative diseases such as Huntington’s disease. The researchers modified a
bis(amidinium)-based binder, known for its selective targeting of CAG RNA, and incor-
porated an environment-sensitive fluorophore to create a turn-on fluorescent probe. The
probe exhibited a significant 19-fold increase in fluorescence upon binding to a short CAG
RNA sequence. The binding and fluorescence response were found to be specific to the
RNA secondary structure with A·A mismatches. This study suggests that the DB-TPE
fluorescent probe shows promise for application pathological studies, disease monitoring,
and the diagnosis of neurodegenerative diseases linked to expanded CAG RNA repeats.

In this Special Issue, Monteiro et al. (contribution 4) utilized a sensitive and selective
label-free photoelectrochemical (PEC) immunosensor for the detection of cardiac troponin I
(cTnI), a biomarker of myocardial infarction. The immunosensor platform is based on a
fluorine-doped tin oxide (FTO)-coated glass photoelectrode modified with bismuth vana-
date (BiVO4) and sensitized by an electrodeposited bismuth sulfide (Bi2S3) film. The PEC
response of the platform is enhanced in the presence of Bi2S3. The cTnI antibodies (anti-
cTnI) are immobilized on the platform surface to create ananti-cTnI/Bi2S3/BiVO4/FTO
immunosensor. When the immunosensor is incubated in cTnI solution, it inhibits the
photocurrent generated by ascorbic acid, enabling the detection of cTnI. The immunosensor
exhibits a linear relationship between the photocurrent and the logarithm of cTnI concentra-
tion within the range of 1 pg mL−1 to 1000 ng mL−1 The performance of the immunosensor
is validated using artificial blood plasma samples, showcasing its successful application for
cTnI detection with high recovery values. This study shows the potential of the developed
PEC immunosensor for the sensitive and selective detection of cTnI, which can aid in the
early diagnosis of myocardial infarction.

In this Special Issue, Zhang et al. (contribution 5) presented a new approach for the
detection of silver ions (Ag+) using a minidumbbell DNA-based sensor (M-DNA). Silver
ions are common heavy metal pollutants with potential health risks. The M-DNA sensor
is designed with an 8-nucleotide minidumbbell structure containing a unique reverse
wobble C·C mispair, which serves as the binding site for Ag+. The sensor demonstrates
high accuracy in detecting Ag+ in real environmental samples, with a detection limit of
2.1 nM. The M-DNA sensor offers advantages such as fast kinetics and easy operation due
to the use of an ultrashort oligonucleotide. This new DNA structural motif provides a
promising platform for the development of on-site environmental Ag+ detection devices.
The study contributes to the field of nanometre-scale biosensors and their applications in
environmental monitoring, particularly in the field of heavy metal detection.

This Special Issue contains several review articles highlighting different aspects of
biosensors and their applications in various fields. These articles provide valuable in-
sights into the development and utilization of nanometre-scale biosensors for diverse
purposes. Chen et al. (contribution 6) emphasize the significant potential use of electrical
impedance biosensors, integrated with handheld and bench-top microfluidic technolo-
gies, in various biological sensing applications. These biosensors enable easy operation
by personnel without requiring specialized training. The use of microfluidics enhances
sensitivity and analytical capabilities, reduces reagent consumption and analysis time,
and improves reliability and efficiency through automation. Impedance biosensors offer
extensive information about cell properties, eliminating the need for fluorescent labeling or
other treatments, and serving as a cell fingerprint for identification and characterization.
Lam et al. (contribution 7) summarize the strategies employed in Capture-SELEX, a modi-
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fied SELEX method, for detecting and characterizing small-molecule-aptamer interactions.
They discuss the development of aptamer-based biosensors for diverse applications. The
advantages of aptamers over antibodies are highlighted, including thermal stability, low
cost, chemical modification capabilities, and ease of generation. Aptamers exhibit selective
and tight binding with a wide range of targets, including proteins, cells, microorganisms,
and small-molecule contaminants. The article also addresses challenges associated with
the Capture-SELEX platform and biosensor development, such as false-positive results
and conformational changes of target molecules. Wen et al. (contribution 8) highlight the
versatility of metal–organic frameworks (MOFs) in constructing single- or multi-emission
signals for analytical purposes. They discuss the engineering and tailoring of photonic units
within MOFs, originating from metal nodes, linkers, or guest molecules, to achieve diverse
luminescence signals. MOFs show promise when applied to surface-enhanced Raman spec-
troscopy (SERS) methods, acting as substrates for signal enhancement or forming composite
substrates by encapsulating metallic nanomaterials. The tunable properties, high surface
area, controllable pore size, and sieving effect of MOFs contribute to improved detection
selectivity, sensitivity, stability, and reproducibility. The potential of MOFs for multiplexed
detection, integrating multiple signals into a single optical nanoprobe for ratiometric and
multimodality measurements, is also discussed. Koyappayil et al. (contribution 9) high-
light the recent trends, advances, prospects, advantages, and limitations of using metal
nanoparticle-decorated 2D materials in electrochemical biomarker detection. Techniques
such as electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), differential
pulse voltammetry (DPV), and square wave voltammetry (SWV), which possesses uses
in biomarker detection systems, are discussed. The role of gold nanoparticles (AuNPs)
on 2D platforms in enhancing signals and anchoring antibodies for biomarker detection
is also described. Deng et al. (contribution 10) discuss strategies for the preparation and
modification of semiconducting polymer dots (Pdots). Pdots have received significant
attention due to their favorable photophysical properties and versatility, including large
absorption cross-section, high brightness, tunable fluorescence emission, excellent photo-
stability, biocompatibility, and ease of modification. They present recent advancements
in the use of Pdots as optical probes for analytical detection and clinical applications in
biosensing and disease diagnosis.

This Special Issue aims to showcase cutting-edge developments and innovative ap-
proaches that are helping to shape the field of nanometre-scale biosensors. By sharing
knowledge and fostering collaboration, our goal is to accelerate progress and pave the way
for practical applications that benefit society as a whole.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Photoelectrochemical Determination of Cardiac Troponin I as a
Biomarker of Myocardial Infarction Using a Bi2S3 Film
Electrodeposited on a BiVO4-Coated Fluorine-Doped Tin
Oxide Electrode

Thatyara Oliveira Monteiro 1, Antônio Gomes dos Santos Neto 2, Alan Silva de Menezes 3, Flávio Santos Damos 2,

Rita de Cássia Silva Luz 2,* and Orlando Fatibello-Filho 1,*

1 Department of Chemistry, Federal University of São Carlos, São Carlos 13565-905, SP, Brazil
2 Department of Chemistry, Federal University of Maranhão, São Luís 65080-805, MA, Brazil
3 Department of Physics, Federal University of Maranhão, São Luís 65080-805, MA, Brazil
* Correspondence: rita.luz@ufma.br (R.d.C.S.L.); bello@ufscar.br (O.F.-F.)

Abstract: A sensitive and selective label-free photoelectrochemical (PEC) immunosensor was de-
signed for the detection of cardiac troponin I (cTnI). The platform was based on a fluorine-doped tin
oxide (FTO)-coated glass photoelectrode modified with bismuth vanadate (BiVO4) and sensitized
by an electrodeposited bismuth sulfide (Bi2S3) film. The PEC response of the Bi2S3/BiVO4/FTO
platform for the ascorbic acid (AA) donor molecule was approximately 1.6-fold higher than the
response observed in the absence of Bi2S3. The cTnI antibodies (anti-cTnI) were immobilized on
the Bi2S3/BiVO4/FTO platform surface to produce the anti-cTnI/Bi2S3/BiVO4/FTO immunosensor,
which was incubated in cTnI solution to inhibit the AA photocurrent. The photocurrent obtained by
the proposed immunosensor presented a linear relationship with the logarithm of the cTnI concentra-
tion, ranging from 1 pg mL−1 to 1000 ng mL−1. The immunosensor was successfully employed in
artificial blood plasma samples for the detection of cTnI, with recovery values ranging from 98.0%
to 98.5%.

Keywords: cTnI; PEC immunosensor; bismuth vanadate; bismuth sulfide

1. Introduction

Cardiovascular diseases, especially those that present with acute morbidity, are con-
sidered one of the leading causes of mortality worldwide. Acute myocardial infarction
(AMI) is the main concern, defined by pathology as myocardial necrosis due to a pro-
longed reduction of blood supply to the heart. It is estimated that by 2030, approximately
23.3 million people globally will die annually from AMI [1,2]. In this sense, AMI requires
an early, rapid, and effective diagnosis to improve the survival rate and ensure the health
quality of patients. Among the known biochemical markers of early AMI, cardiac troponin
I (cTnI) is considered the golden standard in medical diagnosis [3]. In addition to being
a protein specifically related to myocardial damage, it can also remain in the myocardial
tissue for a long time and is released from the cells in levels of a very low concentration
within 3–4 h after the onset of AMI symptoms [4,5]. For these reasons, a sensitive method
for detecting cTnI is reasonable. Several reliable, sensitive, and robust methods for detect-
ing cTnI have been proposed, including methods based on fluorescence microscopy [6],
2D-chromatography [7], colorimetry [8], surface plasmon resonance (SPR) [9,10], liquid
chromatography–tandem mass spectrometry [11], and SERS-based immunoassays [12].
However, some previously proposed methods may be time-consuming, exploit labeled
probes, require trained personnel, or require expensive facilities to implement, making
their use in point-of-care testing difficult [6,8–12].

Biosensors 2023, 13, 379. https://doi.org/10.3390/bios13030379 https://www.mdpi.com/journal/biosensors
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Photoelectrochemical (PEC) immunoassay has attracted growing attention in recent
years [13–15]. This approach exploits a combination of the high sensitivity of the PEC
bioanalysis and the affinity of the antigen/antibody molecules [14]. In principle, a PEC
immunosensor can be easily designed using a photoelectroactive material such as a semi-
conductor as the signal-producing transducer and an antibody as the biological recognition
element [14]. PEC measurements can be performed by employing the signal-off strategy in
which the photocurrent is decreased while the formation of antibody–antigen conjugates
occurs, blocking the transport of redox probes to the sensing surface (such as a label-free im-
munosensor) [3]. Thus, the high photoresponsive sensitivity of the semiconductor materials
on the electrode is an essential aspect for the successful application of these devices.

Some photoactive semiconductor materials present a good biocompatibility, rapid
reactivity, and the rapid generation and separation of electron–hole pairs [15]. Among these
semiconductors, bismuth vanadate (BiVO4) is a promising material. Bismuth vanadate is
an n-type semiconductor that presents a commonly monoclinic crystalline structure with
good photocatalytic activity and a bandgap energy of 2.4 eV. It is appropriate to production
of charge carriers under visible light irradiation [16]. In order to improve its photoelec-
trochemical efficiency and reduce the recombination processes of BiVO4, heterojunctions
commonly based on semiconductors with a narrower bandgap could be employed, such as
bismuth sulfide (Bi2S3). Bismuth sulfide also is an n-type semiconductor and has a bandgap
of 1.3 eV. Bi2S3 presents a reasonable efficiency of photocurrent conversion under visible
light [17] and has become attractive for many PEC applications [18–21]. In this paper, based
on the properties of the BiVO4 and Bi2S3 materials described herein, we report a label-free
PEC immunosensor designed with a junction of these two semiconductors to determine the
cTnI biomarker in clinical samples in real time, exploiting the effects of the immunoreaction
upon the response of the PEC platform to the ascorbic acid (AA) donor molecule.

2. Materials and Methods

2.1. Reagents and Chemicals

Human cardiac troponin I (cTnI), monoclonal cTnI antibody (anti-cTnI), N’-ethylcarbo
diimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), bovine serum albumin (BSA),
bismuth nitrate (Bi(NO3)3), ammonium metavanadate (NH4VO3), ethylene glycol, and
thioglycolic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium
thiosulfate, ethylenediaminetetraacetic acid disodium salt dihydrate (C10H14N2Na2O8 ·
2H2O), sodium hydroxide, sodium dihydrogen phosphate, disodium hydrogen phosphate,
ascorbic acid, citric acid, acetic acid, boric acid, phosphoric acid, sodium chloride, potassium
chloride, calcium chloride, ammonium chloride, disodium sulfate, potassium dihydrogen
phosphate, and urea were acquired from ISOFAR (Duque de Caxias, RJ, Brazil). All
aqueous solutions were prepared with water purified in a OS10LXE Gehaka osmose system
(São Paulo, SP, Brazil).

2.2. Experimental Apparatus

Photoelectrochemical experiments were performed using an Autolab potentiostat/
galvanostat model PGSTAT 128N (Metrohm Autolab B. V., Netherlands) equipped with
a Frequency Response Analyzer module, controlled by NOVA software, and coupled to
a three-electrode electrochemical cell confined in a box to control the illumination on the
photoelectrodes. A commercial 36 W LED lamp was used as a visible light source. A FTO
glass photoelectrode (5 cm length × 1 cm width, with a modified area of 0.7 × 1.0 cm2),
modified with Bi2S3/BiVO4, was used as the working electrode. Ag/AgCl/KClsat) was
used as the reference electrode, and a Pt wire was used as the counter electrode. Elec-
trochemical impedance spectroscopy experiments were carried out in a 0.1 mol L−1 KCl
solution containing 5 mmol L−1 K3[Fe(CN)6] in the frequency range of 10−1–105 Hz under
an AC amplitude of 10 mV.
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2.3. Synthesis of BiVO4

This procedure was performed according to method proposed by [22]. For this step,
0.4850 g of Bi(NO3)3.5H2O was transferred into a falcon tube containing 5 mL of ethylene
glycol and sonicated for 40 min. A mass of 0.1175 g of NH4VO3 was transferred into a falcon
tube containing 5 mL of water and heated in a water bath until complete dissolution. The
latter solution was then dropped slowly into the former solution under constant stirring,
causing the formation of a yellow BiVO4 suspension.

2.4. Construction of Bi2S3/BiVO4/FTO Photoelectrochemical Sensor

Prior to modification, the FTO electrode was washed with water and ethanol to
remove any adsorbed species on the surface. The FTO plates were then sustained until
the temperature equilibrated at 100 ◦C to the deposition of the BiVO4 material. A volume
of 35 μL of BiVO4 suspension was dropped into 0.7 × 1.0 cm2 of the FTO heated plate
and a BiVO4 film was formed after few minutes. This procedure was repeated three
times to completely cover the FTO electrode surface. The BiVO4/FTO platform was
annealed at 500 ◦C for 1 h using an oven with a heating rate of 10 ◦C min−1. After
annealing, the BiVO4/FTO electrode was allowed to cool to room temperature. Next, a
Bi2S3 film was electrodeposited onto the BiVO4/FTO platform, according to the method
proposed by [23] with few adaptations. An amount of 0.04 mol L−1 Na2S2O3 was diluted
in a solution containing 4.5 mL purified water and 0.5 mL HCl. After the formation of
colloidal sulfur, the solution was kept still at room temperature for 24 h to allow the
sulfur particles to precipitate at the bottom of the solution. The supernatant solution was
then used for the preparation of another solution containing 0.006 mol L−1 Bi(NO3)3 and
0.006 mol L−1 EDTA. The Bi2S3 electrodeposition onto the BiVO4/FTO electrode surface
was then performed by amperometry, applying a potential of −0.9 V vs. Ag/AgCl/KClsat
for 300 s at room temperature. The Bi2S3/BiVO4/FTO platform was annealed using a hot
plate at 200 ◦C for 30 min.

2.5. Optimization of the Platform Response for the AA before and after the Immobilization of the
Biological Materials

Some experimental parameters were optimized to achieve a higher sensitivity of
the Bi2S3/BiVO4/FTO PEC platform to the AA donor molecule. Thus, the effect of the
applied potential on the sensor response was initially investigated by evaluating the
photocurrents in 0.03 mol L−1 AA in a 0.1 mol L−1 phosphate buffer, at pH 7.4 under
different potentials (from −0.2 V to 0.2 V vs. Ag/AgCl/KClsat). The influence of the nature
of the buffer solution on the response of the platform was then evaluated by monitoring
the photocurrents obtained from 0.03 mol L−1 AA under an applied potential of 0 V vs.
Ag/AgCl/KClsat in three different buffer solutions: phosphate, McIlvaine, and Britton–
Robinson. The study of the effects of the buffer solutions was performed by maintaining
the buffer concentration at 0.1 mol L−1 and pH 7.4. The effect of the concentration of
the AA donor molecule on the response of the platform was also investigated for AA
concentrations from 0.01 to 0.06 mol L−1.

After the optimization of the Bi2S3/BiVO4/FTO PEC platform response for the con-
centration of the AA molecule, the platforms were modified with the antibody of troponin
(anti-cTnI). Initially, the electrode was incubated in an aqueous solution of 0.003 mol L−1

thioglycolic acid (TGA) at room temperature for 15 min to introduce carboxylic groups
at the surface of the Bi2S3/BiVO4/FTO PEC platform. Following this, the excess TGA
was removed with water and 15 μL of an EDC/NHS mixed solution (0.15 mol L−1 EDC
and 0.10 mol L−1 NHS) was added and incubated for 1 h on the functionalized surface
to activate the -COOH groups. The activated platform was then incubated with 10 μL
of different concentrations of anti-cTnI (from 1 to 5 μg mL−1) at room temperature for a
determinate time. The platform modified with the antibody was gently washed to remove
the weakly adsorbed anti-cTnI. Furthermore, the EDC/NHS excess was removed from
surface with purified water. Next, 10 μL of 1 % (m/v) BSA solution was added to block
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nonspecific binding sites. Posteriorly, the effect of the interaction time between the antibody
and the antigen on the response of AA (10, 15, 20, 25, and 30 min) was studied using a
concentration of 1 ng mL−1 cTnI. After evaluating all the experimental parameters, the
conditions that provided the highest photocurrent value were fixed to finally obtain the
analytical curve for the determination of cTnI. The analytical curve was obtained after the
incubation of the anti-cTnI/Bi2S3/BiVO4/FTO PEC immunosensor platform with different
cTnI concentrations (from 1 pg mL−1 to 1000 ng mL−1 cTnI).

2.6. Preparation and Analysis of Artificial Blood Plasma Samples

The performance of the anti-cTnI/Bi2S3/BiVO4/FTO PEC immunosensor was eval-
uated by the determination of cTnI in artificial blood plasma samples using an exter-
nal calibration method. The artificial samples were composed of 0.138 mol L−1 NaCl,
0.004 mol L−1 NaHCO3, 0.003 mol L−1 KCl, 0.001 mol L−1 Na2HPO4 · 3H2O, 0.002 mol L−1

MgCl2 · 6H2O, 0.003 mol L−1 CaCl2, and 0.507 mmol L−1 Na2SO4 [24]. The samples were
spiked with different concentrations of cTnI (0.05, 2.0 and 50 ng mL−1), and aliquots of
10 μL of each sample were added directly onto the immunosensor surface at the optimal
conditions and analyzed in presence of the AA molecule using the developed sensor in
three replicates.

2.7. X-ray Diffraction and Scanning Electron Microscopy

X-ray Diffraction (XRD) measurements were obtained with a D8 Advance diffractome-
ter (Bruker) equipped with the LynxEye linear detector, using Cu Ka radiation (k = 1.5418 Å)
and operating at 40 kV/40 mA. The diffraction patterns were collected from 15 to 80 o with
a step size of 0.02o and a counting time of 0.6 s. The sample surface was imaged on an EVO
HD electron microscope (Zeiss) at 10 kV after being fixed onto stubs using a carbon film.

3. Results and Discussion

3.1. Characterization of the Materials by X-Ray Diffraction and Scanning Electron Microscopy

The materials utilized for the construction of the photoelectrochemical platform were
evaluated by X-ray diffraction (XRD). In Figure 1A (red line), the characteristic peaks of
the BiVO4/FTO can be observed. The 2θ values of BiVO4 at 18.7, 28.7, 30.4, 34.5, 35.2,
39.7, 42.2, 46.7, 50.3, 53.3, and 58.4 correspond to the (110)(011), (−130)(−121)(121), (040),
(200), (002), (211), (051), (240), (202), (−161)(161), and (−321)(321) planes of the monoclinic
BiVO4 scheelite (JCPDS 014-0688) [16]. A small amount of the BiVO4 tetragonal phase
(JCPDS 014-0133) was also detected, and its most intense peak (200) can be seen at 24.4◦.
Furthermore, additional diffraction peaks appear after the Bi2S3 electrodeposition, as
can be seen in Figure 1A (black diffractogram). In this figure, the XRD spectrum of the
BiVO4/Bi2S3/FTO photoelectrochemical platform shows the characteristic diffraction peaks
of the BiVO4/FTO platform. In addition, one can see a peak at 27.2◦ from the (012) plane of
the Bi rhombohedral phase and the (220) and (130) peaks (at 22.3 and 24.8, respectively) of
the orthorhombic Bi2S3 phase (JCPDS 017-0320), clearly demonstrating that the modification
process was effective and that all samples display a high crystallinity. In addition, to show
the morphology of the Bi2S3/BiVO4/FTO platform, a scanning electron microscopy (SEM)
image was obtained. Figure 1B shows smaller particles covering an agglomerated material.
These smaller particles resulted from the electrodeposition of Bi2S3 on the BiVO4/FTO
platform surface after the preparation procedure of the Bi2S3/BiVO4/FTO electrochemical
platform, which was described in the experimental section.
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Figure 1. (A) X-Ray diffraction patterns of BiVO4/FTO and BiVO4/Bi2S3/FTO. (B) SEM image of
BiVO4/Bi2S3/FTO. Scale bar = 1 μm.

3.2. EIS and Photoelectrochemical Characterization of Bi2S3/BiVO4/FTO Platform

Electrochemical impedance spectroscopy (EIS) is a powerful tool for monitoring the
charge transfer resistance, which can be used to demonstrate the successful fabrication of a
PEC-sensing platform [25]. EIS measurements were taken to evaluate the charge transfer
characteristics of the semiconductor materials. EIS measurements were also performed to
evaluate the electrocatalytic effect of the semiconductor materials and the increase in the
electroactive area of the working electrodes.

Figure 2A shows the Nyquist plots of the FTO, BiVO4/FTO, and Bi2S3/BiVO4/FTO
electrodes, recorded at the open circuit potential and modeled using an adapted Randles
equivalent circuit (inset in Figure 2A) consisting of a cell resistance (Rs) in series with a
parallel combination of a constant phase element (CPE), considered a non-ideal capacitance,
and a charge transfer resistance (Rct) with a Warburg impedance (Zw). Following the
fitting of the parameters presented in Figure 2A. The BiVO4/FTO electrode presented a
charge transfer resistance value of 515 Ω, while the Bi2S3/BiVO4/FTO electrode exhibited
an Rct value of only 93 Ω. These results suggest that the sensitization of the platform
by Bi2S3 enhanced the electron transfer in the electrode–solution interface, contributing
to the improved electrocatalytic properties of the sensing platform. Furthermore, the
capacitance values of the BiVO4/FTO and Bi2S3/BiVO4/FTO electrodes were determined to
be 0.0629 mF and 3.08 mF, respectively. These results indicate an increase in the electroactive
area of the surface due to increase in the capacitances.

The effects of the LED light on the electron transfer processes and the lifetime of the
electron were evaluated for the different sensing platforms to investigate the nature of their
PEC responses. Figure 2B presents the Nyquist plots of the Bi2S3/BiVO4/FTO electrode
obtained in 0.1 mol L−1 Na2SO4 solution in the absence and in the presence of visible
LED light. As can be seen, there was a decrease in the semicircle diameter of spectra in
the presence of LED light, indicating that the Rct value decreased. These results suggest
that light irradiation enhances the electrocatalytic potential of the sensing platform since it
enables the formation of electron–hole pairs in the Bi2S3/BiVO4 composite material. Bode
phase plots were obtained for the BiVO4/FTO and Bi2S3/BiVO4/FTO electrodes in order
to estimate the lifetime of the electron through the following equation [26]:

τe =
1

(2π fmax)
(1)

where τe is the lifetime of the electron and fmax is the maximum frequency in the Bode
phase diagram.

9



Biosensors 2023, 13, 379

Figure 2. (A) Nyquist plots for the FTO (black), BiVO4/FTO (red), and Bi2S3/BiVO4/FTO (blue)
electrodes, recorded in 0.1 mol L−1 KCl solution containing 5 mmol L−1 Fe[(CN6)]3-/4-. (B) Nyquist
plots for the Bi2S3/BiVO4/FTO photosensor in aqueous 0.1 mol L−1 Na2SO4 solution, recorded
at an open-circuit potential in the dark (black) and under the visible LED light irradiation (red).
(C) Bode phase plots for BiVO4/FTO (black) and Bi2S3/BiVO4/FTO (red) electrodes in 0.1 mol L−1

KCl solution containing 0.03 mol L−1 AA donor molecules. (D) Photocurrent response of FTO (black
line), BiVO4/FTO (red line), and Bi2S3/BiVO4/FTO (blue line) photoelectrodes. Amperometric
measurements were performed in a 0.1 mol L−1 phosphate buffer (pH 7.4) containing 0.03 mol L−1

AA, Eappl = 0 V vs. Ag/AgCl/KClsat.

Figure 2C shows that the fmax in the Bode phase plots of the BiVO4 platform decreased
from 179.6 Hz to 70.38 Hz after sensitization by Bi2S3, reflecting the increase in the lifetime
of the electron from 0.886 ms to 2.26 ms. The enhancement of the lifetime of the electron
suggests that the formation of the Bi2S3/BiVO4 heterojunction enabled a slower recombi-
nation of the electron–hole pairs, which also explains the more favorable electron transfer
between composite material and FTO electrode, as shown in the study of Figure 2A.

Additionally, the photocurrent intensity obtained for each individual component of
the developed PEC platform was evaluated in the presence of an AA donor molecule
(Figure 2D). As can be seen, there was an increase in the photocurrent response for the
BiVO4/FTO platform after sensitization by Bi2S3 film, confirming an improvement in
the photo–current conversion efficiency due to a greater absorption of visible light, an
increase in the electroactive area, and an improvement in the electrochemical properties
of the platform. Although BiVO4 is a semiconductor with good photocatalytic activity, its
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photoelectrochemical efficiency may not reach a desirable level due to the occurrence of
charge recombination [27], which is minimized after the conjunction of energy bands in
the Bi2S3/BiVO4 composite. Furthermore, Bi2S3 is a material that presents a high surface
activity, further improving the catalytic activity of the PEC platform [28].

3.3. Evaluation of Experimental Parameters on the Bi2S3/BiVO4/FTO PEC Platform Response

Initially, the effect of the applied potential, buffer type, and AA (electron donor
molecule) concentration on the response of the Bi2S3/BiVO4/FTO PEC platform were
evaluated. The applied potential is an important parameter that can directly influence
the analytical performance of a sensor. Thus, the effect of the applied potential on the
response of the Bi2S2/BiVO4/FTO PEC platform was investigated, and the results are
presented in Figure S1. According to this figure, it can be observed that the photocurrent
of the Bi2S2/BiVO4/FTO PEC platform in the presence of 0.03 mol L−1 AA increased
when the applied potential changed from −0.2 V to 0 V vs. Ag/AgCl/KClsat, and it
remained almost constant from 0 to 0.1 V vs. Ag/AgCl/KClsat. These results suggest
that using a potential of 0 V is enough to obtain a high photocurrent value. Under these
conditions, a higher sensitivity to the system was achieved while maintaining low biasing
conditions, making it possible to determine the analyte even at very low concentrations that
consume a minimum of energy. In addition, it is possible to significantly reduce or eliminate
the possible influence of interfering species on the photoelectrochemical processes. At
potentials above 0.1 V, it can be observed that the photocurrent tended to decrease. This can
be related to a lower stability of the Bi2S2/BiVO4 film, causing a lower efficiency for AA
oxidation. In this sense, an applied potential of 0 V was chosen to construct the analytical
curve for the determination of the antioxidant; all subsequent measurements were then
performed under 0 V.

Posteriorly, the effect of the following buffer solutions: phosphate, McIlvaine, and
Britton–Robinson on the response of the Bi2S2/BiVO4/FTO PEC platform in the presence of
0.03 mol L−1 AA were evaluated (Figure S2). Figure S2 showed no significative difference in
the intensity of photocurrent among the different electrolytes studied; however, considering
the high stability of the AA photocurrent response and the simplicity of preparing the
buffer, a phosphate buffer solution was chosen for all subsequent assays of the PEC sensor.
Furthermore, the effect of the donor molecule concentration on the platform response was
also investigated by monitoring the photocurrent of the platform for AA in the following
concentrations: 0.01, 0.02, 0,03, 0.04, 0.05, and 0.06 mol L−1 (Figure S3). This study showed
that the process of donor molecule oxidation achieves maximum efficiency when the
AA concentration reaches 0.04–0.05 mol L−1. Above this concentration range, there is a
tendency to obtain a lower photocurrent because the PEC platform hinders the oxidation of
the analyte. In this context, the donor molecule concentration was kept at 0.04 mol L−1 for
all subsequent studies. Subsequently, the influence of the concentration of the immobilized
anti-cTnI antibodies on the Bi2S3/BiVO4/FTO PEC platform was evaluated, as was the
interaction time between the antibody and the antigen (cTnI) immobilized on the PEC
platform. Both studies were performed in the presence of 0.04 mol L−1 AA.

Figure 3A shows the photoelectrochemical response of the Bi2S3/BiVO4/FTO PEC
platform in a phosphate buffer containing 0.04 mol L−1 AA after the incubation of the
platform with different concentrations of anti-troponin I (anti-cTnI) (1, 2, 5 and 7 μg mL−1).
Figure 3B shows the variation of the photocurrents (ΔI = I0 − I, where I0 and I are the pho-
tocurrents obtained before and after incubation of the platform with anti-cTnI, respectively)
obtained from Figure 3A. According to Figure 3B, it can be observed that the photocurrent
presented a high increase from 1 to 2 μg mL−1. At concentrations of 2, 5, and 7 μg mL−1, the
photocurrent presented a percentage of decrease in relation to the initial photocurrent value,
I0 (without antibody immobilization) of approximately 50, 40, and 35%, respectively. Based
on these results, it was considered that any of the three concentrations (2, 5, or 7 μg mL−1)
could be used for the preparation of the anti-cTnI/Bi2S3/BiVO4/FTO photoelectrochemical
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immunosensor. In this context, an intermediate concentration of 5 μg mL−1 was chosen for
further experiments.

Figure 3. (A) Photoelectrochemical response of the Bi2S3/BiVO4/FTO PEC platform for different
anti-cTnI concentrations and (B) plot of the photocurrent variation vs. [anti-cTnI]. Data obtained from
Figure 3(A). (C) Effect of incubation time of the anti-cTnI/Bi2S3/BiVO4/FTO PEC platform with
1 ng mL−1 cTnI on the variation of the photocurrent. All measurements were carried in 0.1 mol L−1

phosphate buffer, pH 7.4, containing 0.04 mol L−1 AA. Eappl = 0 V vs. Ag/AgCl/KClsat.

In order to evaluate the effects of the interaction time between the antibodies (anti-cTnI)
immobilized on the platform and the antigens (cTnI) from the incubation solution, the im-
munosensor platform was incubated with 1 ng mL−1 of cTnI antigens in a phosphate buffer
solution containing 0.04 mol L−1 AA at several incubation times (10, 15, 20, 25, and 30 min).
Figure 3C shows the variation of the photocurrent of the anti-cTnI/Bi2S3/BiVO4/FTO PEC
immunosensor before, I0, and after, I, the interaction with the cTnI antigens (ΔI = I0 − I).
According to the results shown in Figure 3C, the inhibition of the photocurrent of the anti-
cTnI/Bi2S3/BiVO4/FTO PEC immunosensor to the donor molecule increased significantly
when the incubation time increased from 10 min to 20 min, with a low decrease observed for
25 min of interaction. As the standard deviation of the photocurrent was lower at 25 min,
this interaction time between the antibodies and the Troponin I antigens was selected for
all subsequent assays. The amperograms shown in Figure 3C are presented in Figure S4
in the supporting information. Additionally, it is important to emphasize that the results
presented in this figure suggest that it is possible to monitor the cTnI antigen concentra-
tions with the anti-cTnI/Bi2S3/BiVO4/FTO PEC immunosensor from the decrease in the
analytical signal. However, in order to propose a possible mechanism for the detection of
troponin I, the effects of different concentrations of cTnI on the variation of photocurrent of
the immunosensor were evaluated.

3.4. Analytical Performance of Bi2S3/BiVO4/FTO PEC Immunosensor

Under the optimum immunoassay conditions, the PEC platform response to the AA
donor molecule was evaluated after incubation with different cTnI concentrations. Figure 4
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exhibits the photocurrent responses for different concentrations. The immunocomplex
formation on the platform surface decreased the AA photocurrent, whose inhibition is
expressed in ΔI values (ΔI = I0 − In) in which I0 and In correspond to the AA photocurrent
before and after interaction with the immunosensor with cTnI, respectively. As can be seen
in the inset of Figure 4, an analytical curve was obtained for the concentration range from
1 pg mL−1 to 1000 ng mL−1 cTnI, linear equation for which was ΔI (μA) = 5.92 (±0.04)
+ 1.70 (±0.02) log[cTnI] (ng mL−1), with the correlation coefficient of 0.998 (n = 12). An
experimental limit of detection (LOD) of 1 pg mL−1 was obtained from a signal-to-noise
ratio equal to three. The LOD obtained was significantly lower than the maximum limits
allowed for a clinical diagnosis of myocardial infarction at approximately 0.1 ng mL−1 [29].
In combination with the linear range of response, this result was compared to further
reported PEC immunosensors for cTnI (Table 1: references [3,15,24–39]). As can be seen,
the anti-cTnI/Bi2S3/BiVO4/FTO immunosensor presents some interesting features for the
determination of this biomarker in comparison to previously reported PEC sensors.

Figure 4. Photoelectrochemical response of the anti-cTnI/Bi2S3/BiVO4/FTO immunosensor after
incubation with different cTnI concentrations. [AA]= 0.04 mol L−1. Inset: Analytical curve ob-
tained from of the data of Figure 4. [cTnI] from of 1 pg mL−1 to 1000 ng mL−1. Eappl = 0 V vs.
Ag/AgCl/KClsat.

Considering the anti-cTnI/Bi2S3/BiVO4/FTO PEC immunosensor response to the
decrease in the AA molecule with the increase in the cTnI antigen concentration, a schematic
representation of the PEC determination of cTnI (Scheme 1) under the incidence of light
was proposed. As shown in Scheme 1, the BiVO4 and Bi2S3 harvest photons of energy
higher than their band gap, promoting electrons from the valence to the conduction band
and giving rising to e−/h+ couples. The electron photogenerated at the conduction band of
Bi2S3 can be injected into the conduction band of the BiVO4, while the hole photogenerated
in the valence band of the Bi2S3 can be transferred to the AA molecule. The AA molecule
acts as an ideal electron donor to capture the photogenerated holes in the valence band
(VB) of Bi2S3, inhibiting the recombination of electron–hole pairs [30] and generating an
anodic photocurrent. The cTnI biomarker can then interact with the immobilized anti-
cTnI/Bi2S3/BiVO4/FTO, decreasing the efficiency of the system to produce a photocurrent
since the cTnI biomarker/anti-cTnI interaction reduces the efficiency of the photoactive
material to transfer holes to donor molecules, an inhibition that is proportional to the
amount of cTnI antigens immobilized on the immunosensor surface.
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Table 1. Comparison of the analytical parameters of different PEC sensors for detection of cTnI.

Modified Electrode Technique
Linear Range

(ng mL−1)
LOD

(pg mL−1)
Reference

Bi2S3/BiVO4/FTO PEC 0.0010–1000 1.0 This work
a NAC-CdAgTe QDs/AuNPs/GCE PEC 0.0050–20 1.70 [3]

b Mn:CdS@Cu2MoS4/G/ITO PEC 0.0050–1000 0.18 [15]
c CM-dextran/Au/TiO2 NTA/Ti PEC 0.00484–0.484 2.20 [31]

d SnO2/NCQDs/BiOI/ITO PEC 0.00100–100 0.30 [32]
e Au NPs/ZIS/Bi2Se3/ITO-PET PEC 0.080–40 26.00 [33]

f Zn2SnO4/N,S-GQDs/CdS/ITO PEC 0.0010–50 0.30 [34]
g Cu2+@Zr-MOF@TiO2 NRs PEC 0.01–10 8.60 [35]

h Pd/I:BiOBr-OVs/SOD-Au@PANI PEC 0.0001–100 0.042 [36]
i Ag2S/ZnO/ITO PEC 0.00001–1 0.003 [37]

j SiNWs@PDA PEC 0.005–10 1.47 [38]
k Ag@Cu2O core-shell SPs/TiO2/CdS PEC 0.00002–50 0.0067 [39]

a N-acetyl-L-cysteine-capped CdAgTe quantum dots and dodecahedral Au nanoparticles; b Manganese doped
CdS sensitized graphene/Cu2MoS4 composite;c Carboxymethylated dextran-coated and gold-modified TiO2
nanotube arrays; d Nitrogen-doped carbon quantum dots–bismuth oxyiodide–flower-like SnO2; e ZnIn2S4/Bi2Se3
Nanocomposite; f N,S-GQDs and CdS co-sensitized hierarchical Zn2SnO4 cube; g Zr-MOF coated onto TiO2
NRs on fluorine-doped tin oxide; h Pd nanoparticles loading on the I-doped bismuth oxybromide with oxygen
vacancies sensibilized by superoxide dismutase loaded on gold@polyaniline; i Ag2S/ZnO Nanocomposites.
j Silicon nanowire arrays (SiNWs) at Polydiacetylene (PDA); k Ag at Cu2O core-shell submicron-particles on CdS
QDs sensitized TiO2 nanosheets.

Scheme 1. Representation of the proposed mechanism for PEC determination of cTnI by label-free
Bi2S3/BiVO4/FTO immunosensor. Ab: anti-cTnI.

For practical application, repeatability, reproducibility, and selectivity are important
features of the immunosensor [5,15]. Figure 5A presents the photocurrent response of the
Bi2S3/BiVO4/FTO platform to AA. As can be seen, no significative photocurrent changes
were observed. The relative standard deviation (RSD) among signals was only 1.04%
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(n = 15), indicating that the proposed sensing platform had good stability for the interaction
with the AA donor molecule.

Figure 5. (A) Evaluation of repeatability of photocurrent of the Bi2S3/BiVO4/FTO PEC platform.
(B) Reproducibility of photocurrent of the Bi2S3/BiVO4/FTO PEC platform incubated with 1 ng mL−1

cTnI antigen solution. (C) Evaluation of selectivity of the anti-cTnI/Bi2S3/BiVO4/FTO PEC im-
munosensor. (a) cTnI, (b) cTnI + albumin, (c) cTnI + C-reactive protein, (d) cTnI + glucose, and
(e) cTnI + myoglobin. [cTnI] = 1 ng mL−1. [Foreign species] = 100 ng mL−1. Measurements per-
formed in 0.1 mol L−1 phosphate buffer, pH 7.4. [AA]= 0.04 mol L−1, Eappl = 0 V vs. Ag/AgCl/KClsat.

The reproducibility of the proposed immunosensor also was evaluated (Figure 5B).
This parameter was assessed using five different electrodes for the same concentration of
cTnI and under optimal experimental conditions. The RSD value obtained for this study
was 2.1%, indicating a satisfactory reproducibility of the immunosensor.

In order to appraise the selectivity of the PEC immunosensor for cTnI detection,
some potential interfering substances were investigated. Therefore, a solution containing
1 ng mL−1 cTnI (a) and solutions containing 1 ng mL−1 cTnI and 100 ng mL−1 of potential
interfering substances such as albumin (b), C-reactive protein (c), glucose (d), and myo-
globin (e) were tested, respectively, under optimized experimental conditions. The results
are shown in Figure 5C. As can be seen, there was no significant change in the photocurrent
presented by the immunosensor after the addition of those substances, and the RSD of
the measurement was within 5%, indicating that the designed immunosensor possesses
a remarkable selectivity for detection of cTnI. The data from Figure 5 are presented in
Figures S5 and S6 in the supporting information.
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3.5. Detection of cTnI in the Artificial Blood Plasma Samples

To demonstrate the accuracy and the potential of application of the developed im-
munosensor in clinical samples, the anti-cTnI/Bi2S3/BiVO4/FTO electrode was tested to
determine cTnI at different concentrations in artificial blood plasma samples. The samples
were spiked with cTnI at three concentration levels (0.05, 2.0, and 50 ng mL−1), and quan-
tification performed using an external calibration method. The recovery values (Table 2)
were found between 98.0% and 98.5% with very low values of relative standard deviation,
indicating good accuracy and precision. Thus, the results suggest that the immunosensing
platform based on Bi2S3/BiVO4/FTO can be used as a promising strategy for the detection
of cTnI in clinical blood plasma samples.

Table 2. Recovery values obtained from detection of cTnI in artificial blood plasma samples using the
proposed immunosensor.

Sample Additioned/ng mL−1 Found/ng mL−1 Recovery/% RSD/%

1 0.05 0.049 (±0.001) 98.0 2.04

2 2.0 1.96 (±0.01) 98.0 0.51

3 50 49.24 (± 0.05) 98.5 0.10

4. Conclusions

In this paper, the feasibility of the sensitization of a BiVO4 semiconductor material
with a Bi2S3 electrodeposited film for the development of a PEC immunosensing platform
to determine cTnI as a biomarker of myocardial infarction was reported. The proposed
immunosensor presented high photoelectrochemical efficiency under visible LED light
irradiation, a wide linear range of response to cTnI, high sensitivity, a low limit of detection,
and good selectivity and stability. Moreover, the immunosensor demonstrated good
accuracy and good precision with excellent application for the termination of the cTnI
biomarker in artificial blood plasma samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13030379/s1, Figure S1. (A) Photoelectrochemical response
of the Bi2S3/BiVO4/FTO platform obtained at different potentials. Amperometric measurements
performed in 0.1 mol L−1 phosphate buffer (pH 7.4) containing 0.03 mol L−1 AA. (B) Plot of pho-
tocurrent vs. Eappl. Data obtained from the Figure S1A; Figure S2. (A) Photoelectrochemical response
of the Bi2S3/BiVO4/FTO platform obtained at different buffer solutions. (B) Plot of photocurrent vs.
different buffer solutions. Amperometric measurements performed in 0.1 mol L−1 of buffer (pH 7.4)
containing 0.03 mol L−1 AA. Eappl = 0 V vs. Ag/AgCl/KClsat; Figure S3. (A) Photoelectrochemical
response of the Bi2S3/BiVO4/FTO platform obtained at different AA concentrations (0.01–0.06 mol
L−1). (B) Amperometric measurements performed in 0.1 mol L−1 phosphate buffer (pH 7.4) contain-
ing 0.04 mol L−1 AA. Eappl = 0 V vs. Ag/AgCl/KClsat; Figure S4. Photoelectrochemical responses
of the anti-cTnI/Bi2S3/BiVO4/FTO PEC immunosensor before (black amperogram) and after in-
cubation with cTnI antigens (red amperograms) at different incubation times. The measurements
were performed in 0.1 mol L−1 phosphate buffer, pH 7.4, containing 0.04 mol L−1 AA. Eappl = 0 V
vs. Ag/AgCl/KClsat. [anti-cTnI] = 5 μg mL−1; [cTnI] = 1 ng mL−1; Figure S5. Photoelectrochemical
responses obtained with 5 (five) different anti-cTnI/Bi2S3/BiVO4/FTO PEC immunosensors under
optimized conditions before (black amperograms) and after (red amperograms) incubation with
cTnI. [cTnI]=1 ng mL−1, tincubation= 25 min; Figure S6. Photoelectrochemical responses obtained
with the anti-cTnI/Bi2S3/BiVO4/FTO PEC immunosensor under optimized conditions before (black
amperogram) and after (red amperogram) incubation with cTnI (1 ng mL−1) in absence and pres-
ence of different species (albumin, C-reactive protein, glucose, and myoglobin). [Foreign specie] =
100 ng ng mL−1; tincubation= 25 min.
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Abstract: Silver ion (Ag+) is one of the most common heavy metal ions that cause environmental
pollution and affect human health, and therefore, its detection is of great importance in the field of
analytical chemistry. Here, we report an 8-nucleotide (nt) minidumbbell DNA-based sensor (M-DNA)
for Ag+ detection. The minidumbbell contained a unique reverse wobble C·C mispair in the minor
groove, which served as the binding site for Ag+. The M-DNA sensor could achieve a detection
limit of 2.1 nM and sense Ag+ in real environmental samples with high accuracy. More importantly,
the M-DNA sensor exhibited advantages of fast kinetics and easy operation owing to the usage
of an ultrashort oligonucleotide. The minidumbbell represents a new and minimal non-B DNA
structural motif for Ag+ sensing, allowing for the further development of on-site environmental Ag+

detection devices.

Keywords: DNA sensor; silver ion detection; minidumbbell; non-B DNA; C·C mismatch

1. Introduction

Silver ion (Ag+) has been widely used as an antiseptic in cosmetics, building materials,
and medical products owing to its antibacterial properties [1–4]. However, overuse of Ag+

inevitably leads to environmental pollution. Human exposure to Ag+ pollution mainly
comes from the release of airborne silver nanoparticles and natural water contaminated by
industrial sources [5,6]. The tolerable concentration of Ag+ in drinking water is ~927 nM as
recommended by the World Health Organization [7]. Excessive Ag+ ingestion can cause
certain serious health consequences, such as respiratory system injury, organ failure, and
even cancer [6,8–11]. Various methods have been developed for detecting low concen-
trations of Ag+ in environmental samples and drinking water sources. At present, Ag+

detection is mainly carried out by conventional analytical methods such as inductively
coupled plasma mass spectrometry [12], optical emission spectrometry [13], atomic ab-
sorption spectrometry [14,15], and laser ablation microwave plasma torch optical emission
spectrometry [16]. These conventional methods are sensitive and selective, but they rely on
expensive instruments and intensive labor.

In recent years, nucleic acid molecules have gained prominence in the fields of sensing
and material science because of their programmability and predictability by forming com-
plementary base pairs [17]. DNA molecules have been used to design sensors for detecting
metal ions such as Ag+, UO2

2+, Cu2+, Ca2+, Mg2+, Hg2+, and Pb2+ [18–26]. In general, there
are mainly two DNA-based strategies for Ag+ detection. The first strategy utilizes an Ag+-
dependent DNAzyme that can irreversibly cleave an RNA or DNA substrate in the presence
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of Ag+ [22]. The second strategy is based on the well-established knowledge that Ag+ binds
to cytosine (C) at the N3 site to coordinate and stabilize a C·C mismatch [27,28]. Ag+ can
induce the formation of DNA i-motif or hairpin structures that contain C·C mismatch(es),
thus giving reporting signals upon DNA conformational change [26,29–33]. Moreover, the
duplex or hairpin-forming strands can also be assembled onto nanomaterials for signal am-
plification [34–38]. The second strategy can achieve a low detection limit, but the reported
ones generally used relatively long oligonucleotides, which might make the Ag+-induced
DNA conformational change slow. For instance, a DNA sensor based on a 20-nucleotide (nt)
hairpin required an incubation time of at least 10 min for Ag+ detection. Therefore, a DNA
sensor using a short oligonucleotide is expected to have advantages of fast response, easy
operation, and probably anti-interference capability in a complex environment, which allow
for the further development of on-site environmental detection devices [33,39].

Minidumbbell (MDB) is a type of non-B DNA structure formed by 8–10-nt sequences [40,41].
The MDB structure was initially found to form in CCTG tetranucleotide repeats, which are
associated with the neurodegenerative disease of myotonic dystrophy type 2 [40,41]. The CCTG
MDB is simply composed of two repeats, i.e., 5’-CCTG CCTG-3’, and each repeat folds into a
type II tetraloop. The C1-G4 and C5-G8 adopt Watson-Crick loop-closing base pairs; C2 and
C6 fold into the minor groove, whereas T3 and T7 stack on the C1-G4 and C5-G8, respectively
(Figure 1) [40]. One of the most interesting features of this MDB is that the two minor groove
residues formed a unique reverse wobble C2·C6 mispair containing one/two hydrogen bond(s)
or Na+-mediated electrostatic interactions at neural pH [42], or a C2+·C6 mispair containing
three hydrogen bonds with C2 being protonated at acidic pH (Figure 1) [43]. Upon lowering
the pH from 7 to 5, the melting temperature (Tm) of the CCTG MDB was increased from ~20 ◦C
to 46 ◦C [43]. Apart from pH, we wondered if Ag+ could coordinate the C2·C6 mispair to
stabilize the MDB and then induce a DNA conformational change for Ag+ sensing. Here we
report a novel and minimal DNA sensor, based on the CCTG MDB, for Ag+ detection with high
sensitivity and fast kinetics.

 
Figure 1. The averaged solution nuclear magnetic resonance (NMR) structure of the CCTG MDB at
pH 7 (PDB ID: 5GWL) and pH 5 (PDB ID: 7D0Z). C2 and C6 formed predominantly a one-hydrogen-
bond mispair at pH 7, whereas they formed a stable three-hydrogen-bond mispair at pH 5 with C2
being protonated.

2. Materials and Methods

2.1. DNA Sequence Design and Sample Preparation

Our designed M-DNA sensor was a duplex formed by the CCTG MDB strand (5′-
CCTG CCTG-3′) and its complementary strand (5′-CAGG CAGG-3′), which were named
CCTG2 and CAGG2, respectively. As a control, a self-complementary 8-bp duplex formed
by 5′-GCAGCTGC-3′ was used. The high-performance liquid chromatography (HPLC)-
purified DNA samples were purchased from Sangon Biotech (Shanghai, China), and they
were further purified in our laboratory using diethylaminoethyl sephacel anion exchange
column chromatography and Amicon Ultra-4 centrifugal filter devices. The ultra-violet
(UV) absorbance at 260 nm was measured for DNA quantitation.
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2.2. Preparation of SYBR Green I (SGI) and Metal Ion Stock Solutions

SGI (10,000×) was purchased from Beijing Solarbio Science and Technology Co., Ltd.
(Beijing, China) and diluted using DMSO to a final concentration of 100× or 10× as the
stock solution. It is noted that SGI 1× was equivalent to a concentration of 1.96 μM. The
analytical-grade AgNO3, KCl, LiCl, CaCl2, MgCl2, MnCl2, CoCl2, CuSO4, BaCl2, and
NiSO4 were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China) and
dissolved using DI water to a final concentration of 50 μM as the stock solutions.

2.3. NMR Experiments

To monitor the binding of Ag+ to the CCTG MDB, NMR experiments were performed
using a Bruker AVANCE NEO 400 MHz spectrometer. One-dimensional (1D) 1H NMR
experiments were conducted at 25 ◦C using the excitation sculpting pulse sequence to
suppress the water signal.

2.4. Circular Dichroism (CD) Experiments

CD experiments were performed using a Chirascan V100 CD spectrometer with a
bandwidth of 1 nm at room temperature, unless otherwise specified. The CD samples
(~100 μL) were placed in a cuvette of 0.5 mm path length, and the CD spectra were collected
from 200 to 350 nm with a step size of 1 nm. For each sample, three sets of scans were
acquired, and an average value was taken. CD spectra were background-corrected using
the corresponding buffer solution.

2.5. Fluorescence Experiments

Fluorescence experiments, except for the kinetic study of Ag+ sensing, were performed
using a Shimadzu RF-6000 spectrometer at room temperature. The fluorescence samples
(~2 mL) were placed in a 10 mm four-sided glazed quartz cuvette, and the fluorescence
spectra were collected from 512 to 650 nm with a step size of 1 nm. Fluorescence intensity
was recorded at 520 nm with an excitation wavelength of 492 nm. The excitation and emis-
sion band widths were 5 nm. For a kinetic study of Ag+ sensing, fluorescence experiments
were performed using an Edinburgh FLS1000 photoluminescence spectrometer at room
temperature. The sample containing a DNA sensor in the absence of Ag+ (~2.5 mL) was
first placed in a 10 mm four-sided glazed quartz cuvette, and the fluorescence intensity at
520 nm was recorded from 0 to 180 s with a step time of 2 s. Ag+ was then added to this
sample, and the fluorescence intensity was immediately recorded from 0 to 180 s with a
step time of 2 s. The excitation and emission band widths were 2 nm.

The detailed sample conditions for NMR, CD, and fluorescence experiments are stated
in the figure legends.

3. Results

3.1. Ag+ Induces a Conformational Change from Duplex to MDB

One-dimensional (1D) 1H NMR experiments were first performed to investigate if
Ag+ could bind to C2·C6 mispair of the CCTG MDB. It showed that upon adding Ag+ to
the CCTG MDB, the H6 proton signals of C2 and C6 became broadened while those of T3
and T7 remained sharp and almost unchanged, suggesting that Ag+ bound to the C2·C6
mispair (Figure 2). Besides, C1 H6, G4 H8, C5 H6, and G8 H8 peaks were also found to be
broadened, as it has been reported that Ag+ could also bind to C-G base pairs [44].

We then tested if Ag+ could promote MDB formation to induce a DNA conformational
change, which is the prerequisite of most DNA sensors. For this aim, we prepared a DNA
duplex formed by the CCTG MDB strand (5′-CCTGCCTG-3′), namely CCTG2, and its
complementary strand (5′-CAGGCAGG-3′), namely CAGG2, at pH 8/7/6 and collected
CD spectra to monitor DNA conformational change upon Ag+ titration at 25 ◦C. These
two strands formed a duplex in the absence of Ag+, as indicated by a positive CD band
at 265 nm (Figure 3A–C, black lines) [45]. Upon adding Ag+ to the duplex, a new major
band at 290 nm was observed at pH 6, but not obvious at pH 7 and 8, when the DNA:Ag+
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ratio was 1:2 (Figure 3A–D, red lines). The CD band at 290 nm was characteristic of the
CCTG MDB [46], suggesting that Ag+ efficiently induced a conformational change from
the duplex to the MDB at pH 6. Notably, the DNA:Ag+ ratio of 1:2 showed the maximum
population of Ag+-induced MDB (Figure 3C). This may because Ag+ is also non-selectively
bound to C-G base pairs in the MDB (Figure 2), and thus more Ag+ is required to promote
MDB formation.

Figure 2. NMR spectra of 0.1 mM CCTG MDB in 1 mM sodium cacodylate (pH 6), 90% H2O/10%
D2O, with various Ag+ concentrations at 25 ◦C. Peak broadenings of C2 H6 and C6 H6 in the presence
of Ag+ suggest that Ag+ is bound to C2·C6 mispair.

Figure 3. CD spectra of 15 μM CCTG2 and CAGG2 with 0, 5, 15, and 30 μM Ag+ in 10 mM NaPi at
pH 8 (A), pH 7 (B), and pH 6 (C). (D) CD spectra of 15 μM CCTG2 and CAGG2 in 30 μM Ag+ at pH
8, 7, and 6 at 25 ◦C. (E) CD spectra of 15 μM CCTG2 and CAGG2 without Ag+ and with 30 μM Ag+

(pH 6) at 25 ◦C and 35 ◦C. Absorbance at 290 nm is characteristic of the free CCTG MDB.

We did not further lower the pH as previous work has demonstrated that the CCTG
MDB completely dissociated from the duplex owing to its much higher thermodynamic
stability than the duplex at pH 5 [43], therefore there would not be further conformational
change upon adding Ag+. We also performed the Ag+ titration at 35 ◦C to examine if
this system could function at an elevated temperature. However, the CD signal of MDB
was observed without adding Ag+ (Figure 3E), which could be attributed to the relatively
higher thermodynamic stability of MDB than duplex at 35 ◦C and pH 6. Zhang et al. have
also reported that a higher temperature leads to partial melting of the initial DNA duplex
and thus a lower sensitivity [47].
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3.2. Design and Optimization of the CCTG MDB-Based DNA (M-DNA) Sensor

Based on the Ag+-induced formation of CCTG MDB at pH 6 (Figure 3C,D), we de-
signed the M-DNA sensor, which was simply composed of the 8-bp duplex formed by
CCTG2 and CAGG2. SYBR Green I (SGI) was used as a fluorescence reporter and it was
expected to emit strong fluorescence when bound to the duplex in the absence of Ag+ while
giving weak fluorescence when the duplex was converted to MDB in the presence of Ag+

(Figure 4A). To ensure SGI will not affect the DNA conformational change, CD spectra
were collected without and with adding SGI, and the results showed that Ag+-induced
conformational change still effectively occurred (Figure S1).

Figure 4. (A) Schematic of the M-DNA sensor for Ag+ detection. (B) Normalized fluorescence
intensity at 520 nm as a function of time for the M-DNA sensor in the absence of Ag+ (black) and
after adding 50 nM Ag+ (green). (C) Fluorescence spectra of the M-DNA upon titrating Ag+ ranging
from 0 to 200 nM (left) and the fitting curve constructed using fluorescence intensity at 520 nm and
log[Ag+]/log[M-DNA] (R2 = 0.99) (right). Error bars were standard deviations obtained from three
replicative experiments.

At pH 6, the M-DNA concentration and SGI:M-DNA ratio were further optimized.
Two M-DNA concentrations (50 and 200 nM) and four SGI:M-DNA ratios (0.1:1, 0.5:1, 1:1,
and 5:1) were tested to find the condition that would give the largest fluorescence change
in response to Ag+. The DNA concentration and SGI:M-DNA ratio were finally optimized
to be 50 nM and 1:1, respectively (Figure S2). Therefore, the M-DNA used for Ag+ sensing
in the following experiments contained 50 nM CCTG2, 50 nM CAGG2, and 50 nM SGI in
10 mM NaPi at pH 6, unless otherwise specified.

To further verify whether the CCTG MDB played an important role in the M-DNA
sensor for Ag+ detection, we also performed Ag+ titration on a controlled DNA (named
C-DNA), which was an 8-bp self-complementary duplex. When the mixture of 50 nM
C-DNA and 50 nM SGI in 10 mM NaPi at pH 6 was titrated with Ag+, there was only a
little change in fluorescence intensity (Figure S3), suggesting that the CCTG MDB played
an irreplaceable role in Ag+ sensing.

3.3. Kinetics, Sensitivity, and Selectivity of the M-DNA Sensor

One of the most interesting features of this M-DNA sensor is using an ultrashort 8-nt
oligonucleotide, which is expected to undergo a much faster conformational change than
longer i-motif and hairpin sequences [26,29,30,32]. Therefore, we also evaluated the kinetics
of this M-DNA for Ag+ sensing. The fluorescence intensity (520 nm) of the M-DNA sensor
without Ag+ was recorded from 0 to 180 s with a step time of 2 s. Ag+ was then added
to the same sample, and the fluorescence intensity was immediately recorded from 0 to
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180 s with a step time of 2 s. Figure 4B shows that immediately after adding Ag+, the
fluorescence intensity drastically decreased and remained almost unchanged through the
entire monitoring process for 180 s. Therefore, it is safe to conclude that the reaction was
completed within the acquisition time for the first data point, i.e., 2 s. It was reported that
the Ag+-triggered conformational change from a single-stranded DNA to a 21-nt i-motif
was complected in ~15 s [26,29,30,32], therefore it is reasonable that the conformational
change to an 8-nt MDB was much faster.

The M-DNA was then used to sense Ag+ at various concentrations ranging from 0 to
200 nM (Figure 4C). There was a good linear correlation between the fluorescence intensity
and log[Ag+]/log[M-DNA]. Following the rule of three times the standard deviation over
the blank response [48], the Ag+ detection limit was determined to be ~2.1 nM. As the
tolerable level of Ag+ in drinking water is ~927 nM [7], the detection limit of the M-DNA
sensor should be sufficient for detecting Ag+ in real samples containing Ag+.

The anti-interference capability of the M-DNA sensor for Ag+ detection in a complex
environment was also evaluated. As the drinking water source may also contain other
metal ions, we evaluated the fluorescence response of M-DNA to K+, Li+, Ca2+, Mg2+,
Mn2+, Co2+, Cu2+, Ba2+, and Ni2+, and the result showed only tiny fluorescence changes
upon adding these ions (Figure 5A). Furthermore, an additional experiment was also
performed to examine if the M-DNA could detect Ag+ in the presence of these interfering
metal ions. Upon adding 50 nM Ag+ to the solutions containing the respective interfering
metal ions, the fluorescence change became significant and achieved a similar level to that
of only 50 nM Ag+ (Figure 5B). Na+ was not included as an interference ion in this study
because the buffering system contained 10 mM NaPi. Approximately 10 to 200 mM Na+

are also commonly used in buffering systems for many DNA-based sensors to neutralize
the negatively charged phosphodiester backbones [26,29–31,34]. The concentrations of
non-Ag+ ions vary in different water samples, e.g., few mM Na+ in most China river and
lake basins [49] and hundreds mM Na+ in sea water [50]. The M-DNA sensor should
be applicable for detecting Ag+ in common river and lake basins, and its performance
may need to be further improved for sensing Ag+ in water samples containing high
concentrations of interfering ions (e.g., sea waters).

Figure 5. Fluorescence changes at 520 nm of the M-DNA in the presence of (A) 50 nM non-Ag+ metal
ions (blue) and (B) 50 nM non-Ag+ metal ions plus adding 50 nM Ag+ (blue). The fluorescence
change in the presence of only 50 nM Ag+ was shown as a reference (red). Error bars were standard
deviations obtained from three replicative experiments. F0: initial fluorescence intensity in the
absence of Ag+; F: fluorescence intensity after adding 50 nM AgNO3 or other metal ions.
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3.4. Ag+ Detection in Tap Water and Lake Water Samples Using the M-DNA Sensor

To examine the performance of the M-DNA sensor for Ag+ detection in other water
sources, we detected Ag+ in tap water samples and two different lake water samples. The
local tap water and lake water samples were collected and boiled for 5 min to remove
chlorine, and lake water samples were further filtered with a 0.22 μm membrane following
the reported procedures in the literature [26]. The M-DNA sensor was prepared using
the treated tap and lake water samples instead of laboratory DI water, and no Ag+ was
detectable in these samples. We then added Ag+ with known concentrations to the M-DNA
sensor and recorded the fluorescence intensity. The Ag+ concentration was calculated using
the calibration curve shown in Figure 4C. The recovery ranged from 93.3% to 98.5% in
tap water samples and 96.7% to 107.8% in lake water samples (Table 1), revealing a good
accuracy of the M-DNA sensor for Ag+ detection in environmental water sources.

Table 1. Ag+ detection in tap and lake waters using the M-DNA sensor.

Water Source Creal (nM) Ccal (nM) a Recovery (%)

Tap water

45 42 ± 4 93.3
90 86 ± 4 95.6

130 128 ± 5 98.5
150 143 ± 6 95.3

Lake water 1

45 46 ± 1 102.2
90 97 ± 8 107.8

130 133 ± 6 102.3
150 152 ± 6 101.3

Lake water 2

45 46 ± 4 102.2
90 87 ± 7 96.7

130 133 ± 25 102.3
150 155 ± 17 103.3

a The standard deviations were obtained from three replicative experiments.

3.5. Discussions on DNA-Based Ag+ Sensors

As surveyed from the literature, DNA-based Ag+ sensors can be generally classified
into three types: (i) mismatch-containing DNA functionalized with nanomaterials [34–37],
(ii) mismatch-containing DNA only [26,29,30,32], and (iii) DNAzyme [22] (Table 2). The
ensemble of mismatch-containing DNA and nanomaterials is an effective strategy to improve
the detection limit by taking advantage of amplified local DNA concentration and interaction
surfaces. Recently, Pal et al. have reported an electrochemical Ag+ sensor based on DNA
hairpin-functionalized nanoflakes with a detection limit of 0.8 pM [38]. Comparing with
the detection limits of other sensors using only mismatch-containing DNA (i-motifs and
hairpins), detection limit of the M-DNA sensor was the lowest. In addition, the M-DNA sensor
exhibited a response time of less than 2 s, which is kinetically much faster than those using
i-motifs and hairpins (Table 2). However, the M-DNA sensor requires a controlled acidic pH to
work, and this limitation may be further improved by chemical modification, such as cytosine
methylation, to enhance the thermodynamic stability of the CCTG MDB. Overall, the M-DNA
sensor uses an ultrashort oligonucleotide to achieve a high sensitivity and fast response for
Ag+ detection.

Table 2. Literature survey on DNA-based sensors for Ag+ detection.

DNA Sensor DNA Length (nt) Kinetics Detection Limit Ref.

DNA/graphene oxide 32 b 5 nM [34]
DNA/silver nanoclusters 12 <1 min a 10 nM [35]
DNA/gold nanoparticle 27 b 3.5 nM [36]

DNA/Fe3O4-gold nanoparticle 49 b 3.4 nM [37]
DNA/nanoflakes 20 c 0.8 pM [38]
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Table 2. Cont.

DNA Sensor DNA Length (nt) Kinetics Detection Limit Ref.

DNAzyme 83 60 min a 24.9 nM [22]
DNA hairpin 32 5 min a 59.9 nM [26]
DNA hairpin 20 10 min a 32 nM [29]
DNA hairpin 32 30 min a 4.3 nM [30]
DNA i-motif 21 15 s a 17 nM [32]

DNA minidumbbell 8 <2 s a 2.1 nM This work
a The kinetic data was derived from time-dependent fluorescence spectra. b There was no kinetic data available.
c The kinetic data was derived from time-dependent electrochemical change.

4. Conclusions

In sum, we have designed a smart DNA sensor for Ag+ detection using a new form of
non-B DNA, i.e., a minidumbbell, apart from the previously used hairpins and i-motifs.
Owing to its small size, it shows fast response, high sensitivity, high selectivity, and good
anti-interference capability for Ag+ sensing. The performance of this M-DNA sensor may
be further improved by chemical modification to further enhance the thermodynamic
stability of the CCTG MDB. A successful demonstration of this M-DNA sensor provides
new insights into Ag+ detection, and paves the way for designing DNA-based tools to
sense other metal ions and molecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios13030358/s1, Figure S1: CD changes of M-DNA with SGI
in 10 mM NaPi at pH 6 before and after adding Ag+; Figure S2: Fluorescence changes of various-
concentration M-DNA in 10 mM NaPi at pH 6, with different SGI:M-DNA ratios before and after
adding Ag+; Figure S3: Normalized fluorescence intensity at 520 nm of the M-DNA and C-DNA upon
titrating various concentrations of Ag+.
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Abstract: Fluorescent sensing of nucleic acids is a highly sensitive and efficient bioanalytical method
for their study in cellular processes, detection and diagnosis in related diseases. However, the
design of small molecule fluorescent probes for the selective binding and detection of RNA of a
specific sequence is very challenging because of their diverse, dynamic, and flexible structures.
By modifying a bis(amidinium)-based small molecular binder that is known to selectively target
RNA with CAG repeats using an environment-sensitive fluorophore, a turn-on fluorescent probe
featuring aggregation-induced emission (AIE) is successfully developed in this proof-of-concept
study. The probe (DB-TPE) exhibits a strong, 19-fold fluorescence enhancement upon binding to a
short CAG RNA, and the binding and fluorescence response was found to be specific to the overall
RNA secondary structure with A·A mismatches. These promising analytical performances suggest
that the probe could be applied in pathological studies, disease progression monitoring, as well as
diagnosis of related neurodegenerative diseases due to expanded CAG RNA repeats.

Keywords: fluorescent probe; AIE; RNA; CAG repeats

1. Introduction

Polyglutamine (PolyQ) diseases, including Huntington’s disease, spinobulbar mus-
cular atrophy and spinocerebellar ataxias, are a group of inheritable neurodegenerative
disorders characterized by the expansion of a CAG trinucleotide repeat of the affected
genes and the expression of polyQ proteins with a glutamine-enriched tract, in which the
number of CAG repeats in patients or carriers can reach from 40 to over 100 as compared
to that of 35–50 in healthy individuals [1–5]. The polyQ proteins are neurotoxic and can
cause a wide range of cellular dysfunctions in neurons. Taking Huntington’s disease
as an example, the mutant HTT gene encodes the toxic and aggregation-prone mutant
huntingtin (mHTT) protein with an expanded polyQ tract translated from the expanded
CAG repeats, and the accumulation of the mHTT protein will lead to neuronal cell death
due to altered neural circuitry, mitochondrial dysfunction, transcriptional dysregulation,
disrupted protein homeostasis, impaired protein degradation, and aberrant activation of
stress responses [6–10]. In addition to the toxicity due to the misfolding, accumulation,
and aggregation of the polyQ proteins, recent studies are showing that the expanded CAG
RNA repeats are also neurotoxic [11–14]. A recent work has demonstrated that cellular
expression of short CAG (sCAG) RNAs can hybridize with and silence the CUG-containing
mRNA in the Nudix hydrolase 16 (NUDT16) gene and lead to DNA damages and cellular
apoptosis [15]. Small molecule inhibitors that selectively bind to the CAG RNA repeats
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are therefore implicated in not only the development of therapeutic strategies for treating
polyQ diseases, but also their rapid detection and diagnosis.

Designing small molecule binders and related fluorescent probes for specific RNA
sequences is, however, very challenging because of the highly diverse, dynamic and flexible
structures of RNA [16–18]. Recently, we have identified the bis(amidinium) compound,
DB213, as a small molecule drug candidate for treating polyQ RNA toxicity. Detail binding
and NMR studies showed that DB213 binds with a Kd of 3.8 μM to the major groove of
an sCAG hairpin (rGG-(CAG)6-CC) and interacts specifically with two consecutive A·A
mismatches via a combination of hydrogen bonds, electrostatic, and other interactions
(Figure 1) [15]. The binding is selective, and a much weaker binding was observed for
CUG RNA [19–21] and the rCAG/CUG heteroduplex formed from rGG-(CAG)4-(CUG)2-CC
(Kd = 19.2 μM) [15]. Further cellular studies and biochemical analysis also showed that
DB213 did not affect the transcription level of the mRNA of a CAG repeat disease gene,
and that it could suppress toxicity due to CAG RNA but not polyQ proteins, showing
that DB213 is specific to the CAG RNA over the corresponding DNA and proteins [15].
With these promising binding properties, we propose that DB213 could be turned into
a fluorescent probe for CAG RNA repeats by appending an environment sensitive fluo-
rophore on the bis(amidinium) core, such that the probe would elicit a fluorescent response
upon binding to the target CAG RNA as a result of a change in the local environment.
In this work, we present our results on this proof-of-concept study including the design,
synthesis and solution characterizations of three fluorophore-appended DB213 derivatives
as potential fluorescent probes for CAG RNA. In particular, DB-TPE which features a
tetraphenylethylene fluorophore was found to exhibit a strong fluorescence enhancement
upon binding to CAG RNA via aggregation-induced emission (AIE).

Figure 1. Chemical structure of DB213 that binds selectively to CAG RNA, and the design of a
fluorescent probe for CAG RNA.

2. Materials and Methods

All reagents were purchased from commercial suppliers (Aldrich, Dkmchem, Energy,
J & K) and used without further purification unless otherwise specified. All solvents
were of analytical grade (ACL Labscan, DUKSAN Pure Chemicals). Dried solvents were
distilled over CaH2 (CHCl3, EtOH, MeOH). Thin layer chromatography was performed
on silica gel 60 F254 (Merck) and column chromatography was carried out using silica gel
60F (Silicycle), neutral or basic aluminium oxide Brockmann I (Acros Organics). Detailed
synthetic procedures and characterization of all other starting materials are described in
the Supplementary File S1. 1H and 13C{1H} NMR spectra were obtained from a Brucker
DPX 400 or Brucker DPX 500 spectrometer and signals were referenced to solvent residues.
LC-MS analyses were performed on a UPLC-MS system with a Waters UPLC coupled to a
2489 UV/Vis detector and an ACQUITY QDa MS detector. High resolution ESI-MS data
was obtained from a Waters Micromass Premier Q-ToF tandem mass spectrometer.

Synthesis of DB-Res was carried out as follows. Under an argon atmosphere, a mixture
of DB-N3 (10 mg, 0.03 mmol), Res-alkyne (8 mg, 0.03 mmol), and [Cu(CH3CN)4](PF6)
(1 mg, 0.003 mmol) in DMSO (3 mL) was stirred at room temperature for overnight.
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The resulting mixture was purified by a neutral alumina column with CH2Cl2/MeOH
(v/v = 8:2) as the eluent. Fractions containing the product was combined and concentrated
using a rotary evaporator, to which a saturated HCl solution in dry EtOH (1 mL) was
added. The mixture was stirred at room temperature for 3 h and centrifuged (4000 rpm,
3 min). The solution was decanted and the remaining solid was washed with dry EtOH
(10 mL × 1) and dry diethyl ether (10 mL × 3). The orange-red solid obtained was dried
under vacuum. Yield = 15 mg, 73%. 1H NMR (500 MHz, CD3OD, 298 K): δ 8.27 (s, 1H),
7.99–7.95 (m, 2H), 7.95–7.91 (m, 2H), 7.78 (d, J = 8.9 Hz, 1H,), 7.54 (d, J = 9.8 Hz, 1H),
7.17 (d, J = 2.6 Hz, 1H), 7.13 (dd, J = 8.9, 2.7 Hz, 1H), 6.85 (dd, J = 9.8, 2.1 Hz, 1H),
6.28 (d, J = 2.1 Hz, 1H), 5.35 (s, 2H), 4.62 (t, J = 6.0 Hz, 2H), 3.57 (t, J = 6.7 Hz, 2H),
3.26 (t, J = 6.7 Hz, 2H), 2.96 (t, J = 6.0 Hz, 2H), 2.84–2.78 (m, 2H), 2.56 (s, 9H), 2.38–2.34 (m,
2H), 2.06 (quint, J = 7.2 Hz, 2H), and 1.85 (quint, J = 6.8 Hz, 2H). 13C{1H} NMR (125 MHz,
CD3OD, 298 K): δ 188.3, 164.9, 164.6, 164.2, 151.9, 147.1, 146.6, 143.9, 136.6, 135.0, 134.8,
134.7, 133.0, 130.1, 130.0, 130.0, 126.4, 115.7, 106.9, 102.3, 63.3, 57.2, 56.7, 55.1, 44.6, 44.5,
42.3, 42.3, 42.2, 26.2, and 25.5. HR-ESI-MS (+ve) calculated for C34H42N10O3 [M+H]+ (m/z):
639.3514, found: 639.3504.

Synthesis of DB-Dan was carried out as follows. Under an argon atmosphere, a mix-
ture of DB-N3 (43 mg, 0.11 mmol), Dan-alkyne (35 mg, 0.12 mmol), and [Cu(CH3CN)4](PF6)
(4 mg, 0.01 mmol) in MeCN/MeOH (2 mL/0.5 mL, v/v = 8:2) was stirred at room tem-
perature for overnight. Solvents were removed using a rotary evaporator, and the residue
was purified by a basic alumina column using a gradient mixture of CH2Cl2/MeOH
(v/v = 9:1 to 8:2) as the eluent. Fractions containing the product were combined and con-
centrated using a rotary evaporator, to which a saturated HCl solution in dry ethanol (1 mL)
was added. The mixture was heated at 60 ◦C for 3 h, cooled to room temperature, and
centrifuged (4000 rpm, 3 min). The solution was decanted and the remaining solid was
washed with dry ethanol (10 mL × 1) and dry diethyl ether (10 mL × 3). The resulting
solid was dried under vacuum to obtain the product as a pale-yellow solid. Yield = 20 mg,
21%. 1H NMR (400 MHz, CD3OD, 298 K): δ 8.52 (d, J = 8.4 Hz, 1H), 8.32 (d, J = 8.7 Hz, 1H),
8.15 (d, J = 7.2 Hz, 1H), 7.71 (s, 4H), 7.60–7.48 (m, 3H), 7.25 (d, J = 7.5 Hz, 1H), 4.31 (t, J = 6.1 Hz,
2H), 4.11 (s, 2H), 3.33 (t, J = 7.1 Hz, 2H), 3.18 (t, J = 6.7 Hz, 2H), 2.87 (s, 6H), 2.74 (t, J = 6.2 Hz,
2H), 2.54–2.38 (m, 4H), 2.27 (s, 6H), 2.25 (s, 3H), 1.87 (quint, J = 7.2 Hz, 2H), and 1.75 (quint,
J = 6.9 Hz, 2H). 13C{1H} NMR (125 MHz, CD3OD, 298 K): δ 163.8, 157.3, 153.1, 146.0, 139.0,
138.6, 137.2, 131.1, 131.0, 130.9, 130.2, 129.1, 128.5, 128.4, 124.8, 124.3, 120.6, 116.3, 58.2,
57.6, 56.0, 45.8, 45.4, 42.9, 42.5, 42.2, 39.2, 27.6, and 27.3. HR-ESI-MS (+ve) calculated for
C34H49N11O2S [M+H]+ (m/z): 676.3864, found: 676.3870.

Synthesis of DB-TPE was carried out as follows. Under an argon atmosphere, a mix-
ture of DB-alkyne (18 mg, 0.05 mmol), TPE-N3 (24 mg, 0.06 mmol), and [Cu(CH3CN)4](PF6)
(2 mg, 0.005 mmol) in MeCN/MeOH/CH2Cl2 (2 mL/1 mL/1 mL, v/v = 2:1:1) was stirred
at room temperature for overnight. The solvents were removed using a rotary evaporator,
and the residue was washed with dry diethyl ether (10 mL × 2). A saturated HCl solution
in dry ethanol (1 mL) was added to the residue, and the mixture was heated at 60 ◦C for
3 h, cooled to room temperature, and centrifuged (4000 rpm, 3 min). The solution was
decanted and the remaining solid was washed with dry ethanol (10 mL × 1) and dry
diethyl ether (10 mL × 3). The resulting solid was dried under vacuum to a obtain the
product as a yellow solid. Yield = 42 mg, 93%. 1H NMR (400 MHz, CD3OD, 298 K): δ
8.39 (s, 1H), 8.03 (s, 4H), 7.16–7.01 (m, 12H), 7.01–6.88 (m, 7H), 5.58 (s, 2H), 4.59–4.37 (m,
2H), 3.72–3.55 (m, 2H), 3.53–3.39 (m, 4H), 2.94 (s, 6H), 2.90 (s, 3H), 2.39–2.28 (m, 2H), and
2.28–2.18 (m, 2H). 13C{1H} NMR (125 MHz, CD3OD, 298 K): δ 165.1, 144.8, 144.7, 143.1,
141.5, 134.8, 132.9, 132.3, 132.2, 130.3, 128.9, 128.8, 128.7, 127.7, 127.7, 56.5, 43.9, 41.7, and
24.2. HR-ESI-MS (+ve) calculated for C47H53N9 [M+H]+ (m/z): 744.4497, found: 744.4494.

Fluorescence spectra were recorded on an Edinburgh Instruments FS5 Spectrofluo-
rometer equipped with a 150 W CW ozone-free xenon arc lamp and a Photomultiplier
R928P detection unit with spectral coverage of 200–870 nm. Fluorescence studies were
performed in quartz cuvettes of 1 cm path length and 1.5 mL cell volume, and double
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distilled water was used in all measurement. Stock solutions of DB-Res, DB-Dan, and
DB-TPE in water were diluted to 10 μM with H2O and/or THF to the required THF/H2O
ratios. DB-Res, DB-Dan, and DB-TPE were excited at 475 nm, 330 nm, and 300 nm, respec-
tively. Synthetic RNAs, rGG-(CAG)6-CC (5′-rGG CAG CAG CAG CAG CAG CAG CC-3′),
rGG-(CAG)3-CC (5′-rGG CAG CAG CAG CC-3′), and rGG-(CUG)3-CC (5′-rGG CUG CUG
CUG CC-3′) were purchased from Integrated DNA Technologies, and stock solutions at
100 μM were prepared by dissolving the RNA in UltraPure™ DNase/RNase-free distilled
water. For measurements in the presence of RNA, RNA sample were diluted with water,
heated at 95 ◦C for 2 min, and slowly cooled to room temperature and added to a sample
solution containing 10 μM of the fluorescent probe in 20 mM MOPS buffer (pH 7.0) in the
presence of 300 mM NaCl.

Dissociation constant (Kd) of DB-TPE towards rGG-(CAG)6-CC was determined by
non-linear curve fitting of the fluorescence data using the following equation:

FR = F0 +
FMAX − F0

2[P]0
×

[
([P]0 + [R] + Kd)−

√
([P]0 + [R] + Kd)

2 − 4[P]0[R]
]

where FR is the fluorescence intensity at 463 nm for a given concentration of RNA [R], F0
is the fluorescence intensity in the absence of RNA, FMAX is the maximum fluorescence
intensity at saturation, [P]0 is the total concentration of DB-TPE (10 μM), and [R] is the
total concentration of RNA.

3. Results and Discussions

Three bis(amidinium) derivatives have been designed and synthesized as potential
fluorescent probes for CAG RNA based on the structure of DB213 (Figure 2). In particular,
three different fluorophores, namely resorufin, dansyl, and tetraphenylethylene (TPE), were
chosen as the fluorescent reporters that are sensitive to the local environment for obtaining
a fluorescence response upon RNA binding. The probes were synthesized via a copper-
catalyzed azide–alkyne cycloaddition between DB-N3 or DB-alkyne and the corresponding
fluorophore-containing click partners. Of note, compared to oligonucleotide-based probes
that can engage in sequence-specific hybridization with the target DNA or RNA [22,23],
small molecule probes are more versatile with diverse structure, and their photophysical,
chemical, and biological properties can be readily tuned via chemical modifications [24,25].
However, due to the highly diverse and dynamic structures of RNA, small molecular probes
that can selectively recognize a specific RNA sequence are scarce [16–18]. In addition to
RNA binding, an appropriate mechanism to induce a change in the fluorescent properties
upon binding is also essential for a successful RNA probe. While the resorufin and dansyl
fluorophores are known to be sensitive to the local environment and could elicit a change in
their emission due to a different degree of the intramolecular charge transfer (ICT) [26–29],
TPE is a representative AIEgen that the restricted intramolecular motions upon binding
will block the non-radiative decay pathway and result in an emission turn-on [30].

All the three probes have been characterized by 1H NMR, 13C NMR, HR-ESI-MS,
and UV–Vis. Fluorescent properties of the probes in response to environment changes
were evaluated to assess their applicability in fluorescent RNA sensing. Figure 3 shows
the emission spectra of 10 μM solutions of DB-Res, DB-Dan, and DB-TPE in water/THF
mixtures of various ratios and ionic strengths (from 3 mM to 3 M NaCl). For DB-Res,
weaker fluorescence was observed when there is an increase in the percentage of THF,
and a 7.5-fold decrease in the emission intensity at 574 nm was found at 90% THF when
compared to that at pure water. The weaker emission can be explained by the formation of
non-emissive aggregates of the probe when the solvent becomes more non-polar. Consistent
with this, weaker fluorescence was also observed when solvent ionic strength increased,
and there was a 3.2-fold decrease in fluorescence in the presence of 3 M NaCl. On the
other hand, an increase in fluorescence, along with a blue shift of the emission maximum,
was observed for DB-Dan upon increasing the THF percentage. At 90% THF, a 6.8-fold
emission enhancement and a blue shift of the emission maximum by 41 nm (from 562 nm
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to 521 nm) was resulted, and these solvatochromic and fluorogenic effects are consistent
with an ICT mechanism [31,32]. No significant change in the emission maximum and
intensity was found for DB-Dan at different ionic strengths. Consistent with the AIE
effect of TPE, a 10 μM solution of the aqueous soluble, cationic DB-TPE in water was
weakly emissive and can be ascribed to the rapid non-radiative decay due to intramolecular
rotations of the phenyl units [33,34]. Upon increasing the THF content to 90%, a strong
emission enhancement by 85-fold and a blue shift in the emission maximum by 42 nm
were observed. The decrease in solubility of DB-TPE upon addition of THF likely resulted
in the aggregation of the probe and restricted the intramolecular rotations that activated
the TPE emission. Compared to the emission intensity in the presence of 3 mM NaCl, a
24-fold increase in fluorescence was observed in the presence of 3 M NaCl, showing that
the salting-out effect at high ionic strength can also trigger the AIE.

 

Figure 2. Synthesis of DB-Res, DB-Dan, and DB-TPE.

Fluorescence response of the probes was further tested using a synthetic RNA with the
sequence rGG-(CAG)6-CC RNA as a model of CAG repeats. Previous studies have shown
that this particular sCAG RNA will form a hairpin structure in solution with which DB213

can selectively bind with a strong affinity (Kd = 3.8 μM) [15,35]. Fluorescence response to
the RNA was studied with 10 μM of the probe in the presence of 300 mM NaCl in 20 mM
MOPS buffer at pH 7. As shown in Figure 3, only a minimal change in the emission was
observed in the presence of 1 eq. of the (CAG)6 RNA for DB-Res and DB-Dan, suggesting
that the change in the local environment upon binding may not be significant enough to
result in an obvious fluorescent response. On the contrary, a 19-fold emission enhancement
of DB-TPE was observed under the same condition, suggesting that the AIE probe has a
promising analytical potential for CAG RNA.

Response of DB-TPE towards the (CAG)6 RNA was studied in more details. Figure 4
shows the concentration dependent response of the probe, and the relative emission inten-
sity at 463 nm was found to increase from 3.5-fold to 18.6-fold when the amount of (CAG)6
RNA increased from 0.05 eq. to 1 eq. Binding strength of DB-TPE to the (CAG)6 RNA was
obtained from the fluorescence titration data, and a Kd of 2 μM was found by fitting the
binding isotherm to a 1:1 binding model. The Kd of DB-TPE is comparable to that of the
binding of DB213 to the same (CAG)6 RNA, suggesting that both bis(amidinium) com-
pounds share a similar binding mode that targets the major groove and overall secondary
structure of the sCAG RNA with A·A mismatches in the hairpin structure. Consistent with
this, a much weaker fluorescence, likely due to the non-specific electrostatic interactions be-
tween the cationic bis(amidinium) and anionic nucleic acid, was observed when the sCAG
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RNA was denatured by urea (Figure 4b), or in the presence of 1 eq. of the canonically-paired
duplex consisting of rGG-(CAG)3-CC and rGG-(CUG)3-CC with complementary A·U pairs
(Figure 4c). Overall, these results clearly demonstrate the favorable analytical performance
of DB-TPE as a turn-on fluorescent probe for the selective sensing of RNA with CAG
repeats that contain A·A mismatches.

Figure 3. Fluorescence spectra of 10 μM (a) DB-Res (λex = 475 nm), (b) DB-Dan (λex = 330 nm), and
(c) DB-TPE (λex = 300 nm) in different water/THF ratios (upper panel), ionic strengths with various
NaCl concentrations (middle panel), and the presence of 1 eq. of a (CAG)6 RNA (lower panel).

Figure 4. Fluorescence spectra of 10 μM DB-TPE (λex = 300 nm) in the presence of (a) increasing
amount of (CAG)6 RNA from 0.05 to 1 eq., (b) 1 eq. of (CAG)6 RNA denatured by 1 M urea, and
(c) 1 eq. of complementary (CAG)3/(CUG)3 RNA duplex.

4. Conclusions

In summary, a fluorescent turn-on probe that selectively binds to sCAG RNA with a
strong fluorescence enhancement is successfully developed. Despite the various challenges
in specific RNA recognition due to their dynamic structures, by using tetraphenylethylene
as an AIE-active fluorophore to decorate DB213, a known small molecule inhibitor that
selectively binds to the major groove of CAG RNA with A·A mismatches, DB-TPE was
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obtained and found to display a strong (~19-fold) fluorescence enhancement upon binding
to sCAG RNA with an apparent Kd of 2 μM. Comparative fluorescence studies showed that
DB-TPE binds and reports the presence of sCAG RNA with a specific secondary structure.
With this promising analytical performance, DB-TPE not only could be employed in
the sensitive detection of CAG RNA for diagnostic applications of CAG repeats-related
neurodegenerative diseases, but may also allow for the real-time monitoring of the CAG
RNA for further understanding of the disease in cell models. Further works on applying
the probe in biological samples and specimens are currently underway in our laboratory.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/bios12121080/s1, File S1: synthetic procedures of precursors, NMR, MS
and UV-Vis spectra. References [36,37] are citied in the Supplementary Materials.
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Abstract: Retinol-binding protein 4 (RBP4) has been implicated in insulin resistance in rodents and
humans with obesity and T2DM, making it a potential biomarker for the early diagnosis of T2DM.
However, diagnostic tools for low-level detection of RBP4 are still lagging behind. Therefore, there is
an urgent need for the development of T2DM diagnostics that are rapid, cost-effective and that can
be used at the point-of-care (POC). Recently, nano-enabled biosensors integrating highly selective
optical detection techniques and specificity of aptamers have been widely developed for the rapid
detection of various targets. This study reports on the development of a rapid gold nanoparticles
(AuNPs)-based aptasensor for the detection of RBP4. The retinol-binding protein aptamer (RBP-A)
is adsorbed on the surface of the AuNPs through van der Waals and hydrophobic interactions,
stabilizing the AuNPs against sodium chloride (NaCl)-induced aggregation. Upon the addition of
RBP4, the RBP-A binds to RBP4 and detaches from the surface of the AuNPs, leaving the AuNPs
unprotected. Addition of NaCl causes aggregation of AuNPs, leading to a visible colour change
of the AuNPs solution from ruby red to purple/blue. The test result was available within 5 min
and the assay had a limit of detection of 90.76 ± 2.81 nM. This study demonstrates the successful
development of a simple yet effective, specific, and colorimetric rapid assay for RBP4 detection.

Keywords: retinol-binding protein 4; type 2 diabetes mellitus; aptasensor; colorimetric; gold nanoparticles;
diagnosis; biosensing

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease with debilitating
effects on human health. It is a growing epidemic, that affects over 536.6 million adults
worldwide [1]. If undiagnosed or untreated, T2DM can lead to microvascular (retinopathy,
neuropathy and nephropathy) and macrovascular (stroke and acute coronary syndrome)
complications [2]. Many of these complications can go un-noticed for years and are often
subclinical at the onset, making the early diagnosis of T2DM difficult [3]. Therefore, an
urgent need to develop novel and early diagnostic strategies to address this epidemic
is warranted.

Retinol-binding protein 4 (RBP4), an adipokine responsible for obesity-induced insulin
resistance, has been identified as one of the reliable biomarkers for the early diagnosis
of T2DM [4]. RBP4 binds to retinol and transports it in the blood stream to the liver.
Elevated levels of RBP4 have been found in insulin-resistant mice and humans with obesity
and T2DM, causing dysfunctions in the production of glucose transporter 4 (GLUT4) and
consequently leading to a failure of glucose uptake from the blood. This suggests that RBP4
could serve as a potential serological biomarker for the early diagnosis of T2DM [5–9].
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The detection of RBP4 is usually performed through different biotechnological assays,
such as enzyme-linked immunosorbent assay (ELISA) and Western blot [10–12], which rely
on the interaction between an antibody and an analyte. However, the use of antibodies in
diagnostic assays have several inherent limitations such as high production costs, insta-
bility, and poor specificity, and their use requires longer incubation periods and different
substrates for detection [13]. Recently, the use of aptamers in diagnostic assays have been
shown to alleviate these limitations. Aptamers, which are single-stranded deoxyribonucleic
acid (DNA) or ribonucleic acid (RNA) molecules that bind with high affinity and specificity
to their target molecules, exhibit significant advantages relative to antibodies in terms of
their high specificity, selectivity, low molecular weight, and ease of production [13–15].
Furthermore, aptamers present a more favourable and desirable molecular recognition ele-
ment (MRE) and have been employed in the development of various sensors for diagnostic
purposes [16–20].

Lee et al. reported on the development of the first RBP-aptamer (RBP-A) and its
application in a surface plasmon resonance (SPR) biosensor for the detection of RBP4
in serum. The SPR biosensor specifically detected RBP4 and had a limit of detection
of 75 nM (1.58 μg/mL), which is sufficiently sensitive to probe for RBP4 in the serum
of people who are at risk of developing T2DM [21]. For instance, it has been reported
that the detection range of RBP4 in normal individuals is 23.0–24.3 μg/mL (1–1.06 μM)
and ranges from 24.9–50.3 μg/mL (1.08–2.187 μM) in individuals who are diagnosed
with T2DM [22]. Using the same aptamer, an enzyme-linked antibody-aptamer sandwich
(ELAAS) method was developed for more convenient and sensitive detection of RBP4.
Compared to the SPR-based biosensor, this method was between 20 and 68 times more
sensitive [23]; however, the assay involved multiple incubation and washing steps, making
it impossible for it to be applied in point-of-care testing (PoCT). Torabi et al. developed
an ultrasensitive chemiluminescent aptasensor for the detection of RBP4 with an LOD of
951 fg/mL [24]. Similarly to the ELAAS, this assay involved multiple washing and incuba-
tion steps, rendering it unsuitable for use in PoCT [22].

Colorimetric assays have been extensively used for the rapid detection of various
diseases due to their simplicity, quick response, and high sensitivity [25–31]. Nanomaterials,
especially gold nanoparticles (AuNPs), exhibit strong localized surface plasmon resonance
(LSPR) properties which have been widely leveraged for the fabrication of colorimetric
sensors [32]. AuNPs give off a colourful signal that can be visualized with the naked eye and
without using advanced instruments [33]. Generally, a solution of colloidal AuNPs have a
ruby-red colour due to their LSPR phenomenon that is highly dependent on interparticle
distance [32,34,35]. Upon addition of salt, the colour of the AuNP solution changes from
ruby red to purple/blue due to the shift of the LSPR to a higher wavelength. In contrast,
when the AuNPs are bound to molecules, such as MRE for example, they will retain their
ruby-red colour in the presence of salt. If the analyte for the specific MRE is present,
the MRE binds to the analyte instead of the AuNPs and the colour of the AuNPs will
change from ruby red to purple/blue. Based on this principle, several AuNP-based optical
aptasensors have been developed [36–40]. In this study, using this principle, a simple yet
effective, specific, and rapid RBP-A-aptasensor for the detection of RBP4 was developed.
The assay is user-friendly as it does not require any specialised instruments and it is capable
of producing a test result within 5 min, highlighting the potential applicability of this assay
in PoCT and in resource-limited areas.

2. Materials and Methods

2.1. Materials

Retinol-binding protein aptamer (RBP-A) 5′-ATA CCA GCT TAT TCA ATT ACA GTA
GTG AGG GGT CC GTC GTG GGG TAG TTG GGT CGT GGA GAT AGT AAG TGC
AAT CT-3′ [21], was synthesized by Biomers.net GmbH (Ulm, Germany). RBP4, alpha-
2-macroglobulin (A2MG), leptin and bovine serum albumin (BSA) were purchased from
Sino Biologicals (Beijing, China), ProsPec (Ness-Ziona, Israel), R&D Systems (Minneapolis,
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MN, USA) and Merck (Pty) Ltd. (Rahway, NJ, USA), respectively. Chloroauric acid
(HAuCl4·3H2O), sodium chloride (NaCl), and sodium citrate were purchased from Sigma-
Aldrich (St Louis, MO, USA). Purified Milli-Q water was used in all experiments (Millipore,
MA, USA). All the chemicals were of analytical grade.

2.2. Synthesis and Characterization of AuNPs

All glassware used for the preparation of AuNPs was first immersed thoroughly in
aqua regia (1:3 (v/v) HNO3: HCl), then thoroughly washed with distilled water (dH2O)
and dried overnight at 70 ◦C in an oven. AuNPs were prepared via the reduction of
HAuCl4·3H2O using sodium citrate as described by Stiolica et al. [41,42]. The spectro-
scopic characterization of the synthesized AuNPs was carried out using Ultraviolet–visible
(UV–vis) spectrophotometry (POLARstar Omega plate reader, BMG Labtech, Offenburg,
Germany). The concentration of the AuNPs was evaluated using the UV–vis spectra as
described by Haiss et al. [43]. The size distribution and zeta potential (ζ- potential) charac-
terization of the AuNPs were determined using a Malvern NanoZS90 Zetasizer (Malvern
Instruments Ltd., Malvern, UK) at a scattering angle of 90◦ at 25 ◦C. For the characterization
of the size and morphology of the AuNPs, one drop of the sample solution was loaded
onto a carbon-coated copper grid. The grids were dried for a few minutes under a Xenon
lamp. High-resolution transmission electron microscope (HR-TEM) images were captured
using an FEI Tecnai G2 20 field-emission gun (FEG) HRTEM (Hillsboro, OR, USA) operated
in bright field mode at an accelerating voltage of 200 kV.

2.3. Development of the RBP-A-Aptasensor
2.3.1. Optimization of the Aptamer and NaCl Concentration

AuNPs are highly reactive and aggregate easily in the presence of salts; therefore, it is
important to monitor the salt-induced AuNPs aggregation percentage for the development
of a colorimetric aptasensor [44–46]. To optimize the performance of the developed assay,
various conditions such as aptamer and NaCl concentrations were investigated. For this
experiment, a total of 600 μL of different concentrations (0, 6.25, 12.5, 25, 50, 100 and
150 nM) of RBP-A was added to 1.08 mL of AuNPs in separate 2 mL Eppendorf tubes,
mixed well, and incubated overnight at 25 ◦C. Then, 50 μL of the functionalized RBP-A-
AuNPs (aptasensor) was added to a 96-well microtiter plate, containing 50 μL of dH2O.
This was followed by the addition of different concentrations of NaCl (0, 20, 40, 60, 80 and
100 mM). The samples were incubated at 25 ◦C for 5 min and observed for colour change. The
UV–vis spectra were measured using a plate reader, and the absorbance ratios (A650/A520)
were calculated to determine the aggregation percentage of the AuNPs [47]. The experiment
was performed in triplicate and the average absorbance ratios were calculated and used to
plot bar graphs.

2.3.2. RBP4 Detection Based on the Label-Free AuNPs-Based RBP-A-Aptasensor

For the detection of RBP4, 600 μL of 50 nM RBP-A and 1.08 mL of AuNPs were added
to a 2 mL tube, mixed well, and incubated overnight at 25 ◦C. Subsequently, 50 μL of the
aptasensor was added into the 96-well microtiter plate containing 25 μL of dH2O. Then,
25 μL of different concentrations of RBP4 (0, 7.8, 15.6, 31.2, 62.5, 125, 250 nM) were added
into the aptasensor, mixed thoroughly, and incubated for another 5 min at 25 ◦C, and
observed for colour change This was followed by the addition of 6 μL of 1 M NaCl solu-
tion (60 mM final concentration) and incubation at 25 ◦C for 5 min. The UV–vis spectra
were measured using a plate reader and the absorbance ratios (A650/A520) were calcu-
lated to determine the aggregation percentage of the AuNPs. The experiment was per-
formed in triplicate and the average absorbance ratios were calculated and used to plot the
linear curve.

41



Biosensors 2022, 12, 1061

2.3.3. Specificity of the Label-Free AuNPs-Based RBP-A-Aptasensor

To evaluate the specificity of the RBP-A-aptasensor, 50 μL of the aptasensor was added
into the 96-well microtiter plate, containing 25 μL of dH2O. Then, 25 μL of 250 nM RBP4,
A2MG, leptin and BSA were added into the aptasensor, mixed thoroughly, and incubated
for another 5 min at 25 ◦C and observed for colour change. This was followed by the
addition of 6 μL of 1 M NaCl solution (60 mM final concentration) and incubation at 25 ◦C
for 5 min. A water sample was used as a blank. The UV–vis spectra were measured using
a plate reader and the absorbance ratios (A650/A520) were calculated to determine the
aggregation percentage of the AuNPs. The experiment was performed in triplicate and the
average absorbance ratios were calculated and used to plot bar graphs.

3. Results and Discussion

AuNPs-based aptasensors have been widely applied in the detection of various targets
including chemical compounds, proteins, pesticides, toxins, and viruses [36,38–40,48–50].
Their simple preparation, rapid detection, and the fact that they do not require special
instrumentation have made them the preferred choice for PoCT [51]. The sensors rely on
the salt-induced aggregation of bare AuNPs, leading to a change of colour from ruby red to
purple/blue. In the absence of the target or biomarker molecule, the detecting molecule
or MRE stabilizes the AuNPs against salt-induced aggregation and no colour change is
observed [52]. Similarly, this study investigated the feasibility of the RBP-A-aptasensor
for detection of RBP4. Although at least two other studies demonstrated the development
of aptasensors for RBP4, neither of these assays can be used at the PoCT as both of these
assays require specialised instruments and must therefore be carried out in a laboratory
setting. In contrast, the assay described herein does not require any specialised instruments
and can be carried out in the field.

3.1. Characterization of the AuNPs

The synthesized AuNPs had an SPR peak at 519 nm (Figure 1a), indicating that the
AuNPs were approximately 14 nm in size. The narrow peak suggested that the majority
of the AuNPs were uniform and monodispersed [53]. The AuNPs had an absorbance
value of 2.422 OD, and a concentration of 9.83 nM. DLS results revealed that the AuNPs
had an average hydrodynamic diameter of 14.69 nm and a PDI of 0.175, the latter con-
firmed that the AuNPs were mostly monodispersed. The AuNPs showed a ζ- potential of
−27.7 mV, indicating that the AuNPs were highly stable. TEM images revealed that the
AuNPs were mostly spherical in shape and were relatively monodispersed (Figure 1b).
This is due to electrostatic stabilization with a negatively charged layer of citrate ions [44].
The core diameters of AuNPs were found to be 13.98 ± 1.19 nm (Figure 1c), further corrobo-
rating the results obtained from the UV–vis spectrophotometry. The SPR results obtained in
this study were similar to the results obtained by Stiolica et al., whereby 14 nm AuNPs also
had an SPR of 519 nm. In contrast, the reported AuNPs had a ζ- potential of –51 mV [41],
which was lower than the a ζ- potential obtained in this study.

3.2. Principles of AuNPs-Based RBP-A-Aptasensor

The principles of the AuNPs-based RBP-A-aptasensor for the detection of RBP4 is
illustrated in Figure 2. Colloidal AuNPs produce a ruby-red colour in solution that is highly
dependent on the interparticle distance [32,34,35]. In the presence of NaCl, the AuNPs
undergo aggregation, leading to a visible colour change from ruby red to purple/blue.
The presence of salt electrolytes decreased the interparticle distance of the AuNPs, thus
reducing the ζ- potential and enabling electromagnetic interaction among the negatively
charged AuNPs consequently leading to visible colour change [46]. In contrast, binding of
RBP-A on the surface of AuNPs stabilized the AuNPs and prevented the NaCl-induced
aggregation of the AuNPs [54,55]. The solution retained the ruby-red colour even at high
NaCl concentrations (up to 60 mM). However, in the presence of RBP4, owing to the high
affinity between RBP4 and RBP-A, RBP-A detached from the AuNPs and left the AuNPs
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unprotected. The bare AuNPs aggregated in the presence of NaCl, which led to a visible
colour change from ruby red to purple/blue.
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Figure 1. Characterization of AuNPs. (a) UV–vis spectrum of AuNPs; (b) a representative HR-TEM
photomicrograph and (c) size distribution.

Figure 2. Schematic illustration of the colorimetric aptasensor for the detection of RBP4.

The compatibility of the AuNPs-based RBP-A-aptasensor for the detection of RBP4
was validated using four techniques: UV–vis spectroscopy, TEM, ζ- potential, and FTIR.
As shown in Figure 3a, the AuNPs had an SPR peak at 519 nm which shifted to 560 nm
upon the addition of NaCl, indicating aggregation. In the presence of RBP-A, the AuNPs
were strongly protected against NaCl-induced aggregation and the SPR peak remained
inert at 519 nm. Upon the addition of NaCl, the SPR peak shifted to 600 nm as a result of
aggregation. This could be because, in the presence of RBP4, RBP-A detached from the
AuNPs’ surface and bound to RBP4, leaving the AuNPs’ surface unprotected against salt-
induced aggregation. HR-TEM was used to confirm these observations (Figure 3b). Bare
AuNPs were monodispersed in the solution; however, in the presence of NaCl, the AuNPs
aggregated and clumped together. The aptasensor without RBP4 showed no aggregation
in the presence of NaCl, but in the presence of RBP4 and NaCl, the AuNPs aggregated.
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Figure 3. (a) UV–vis spectra, (b) HR-TEM of (i) AuNPs, (ii) AuNPs + NaCl, (iii) AuNPs + RBP-A + NaCl
and (iv) AuNPs + RBP-A + RBP4 + NaCl, (c) ζ- potential and (d) FTIR analysis of the interaction
between the RBP-A-aptasensor and RBP4. RBP4 was used at a concentration of 250 nM.
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The ζ- potential was also measured to monitor the changes on the AuNPs’ surface
during the development of the aptasensor and when the aptasensor was incubated with
RBP4 (Figure 3c). AuNPs exhibited a ζ- potential of −27.7 mV, which is in agreement with
previously published data [56]. In contrast, the ζ- potential of −20.5 mV was obtained
when RBP-A was incubated with the AuNPs solution, indicating that negative charges
are partially neutralized by the aptamer covering the surface of the particles [47]. Finally,
when RBP4 was added, the ζ- potential was restored to −29.6 mV, indicating that the
RBP-A bound to RBP4 and left the AuNPs naked, thus returning them to their original ζ-
potential. Using the same technique, Lerga et al. developed a AuNPs-based aptasensor
for the detection of histamine. In their study, AuNPs exhibited a ζ- potential of − 47.6 mV
which decreased to − 28.6 mV upon incubation of the aptamer with the AuNPs. The ζ-
potential was restored to approximately − 50 mV after the addition of histamine [47].

Finally, FTIR (PerkinElmer Spectrum One FTIR spectrophotometer) analysis was
carried out to monitor elemental changes to the AuNPs during the development of the
aptasensor and when the aptasensor was incubated with RBP4 (Figure 3d). The FTIR
spectrum of AuNPs features characteristic peaks at 3305.81, 2082.74, 1638.55, 1400.83,
1277.32 and 686.42 cm−1. The peak at 3305.81 cm−1 is attributed to the stretching vi-
bration of OH and NH2. The peaks at 1400.82 cm−1 and 1638.55 cm−1 are attributed
to the carboxylate symmetric and asymmetric stretching bonds of the carboxylate group
(COO−) in citrate ions [57], respectively. The peak at 2083.74 cm−1 is attributed to the S-H
group on the AuNPs [58], further validating successful synthesis of the AuNPs. Upon
adsorption of the RBP-A, two weak peaks (1064.23 and 723.88 cm−1) were observed in RBP-
A-AuNPs conjugate spectra which were absent in the spectrum for the AuNPs. The peak at
1064.23 cm−1 is attributed to the symmetric C=O stretching band of the phosphate back-
bone and the peak at 723.88 cm−1 is attributed to the C–H out of plane base vibration of the
RBP-A [59], indicating successful adsorption of RBP-A on the surface of the AuNPs. Finally,
when RBP4 is added, the peak attributed to the carboxylate asymmetric stretching band
appeared at 1460.05 cm−1. This peak was also visible in the AuNPs, further supporting the
assertion that RBP-A was bound to RBP4 and detached from the AuNPs.

3.3. Determination of the Optimum Concentration of NaCl and Aptamer

The flocculation assay was used to determine the stability of the AuNPs-based RBP-
A-aptasensor in the presence of different concentrations of NaCl. From Figure 4, it can
be deduced that AuNPs and the RBP-A-AuNPs conjugates at all RBP-A concentrations
showed no aggregation in the absence of NaCl. The AuNPs and the RBP-A-AuNPs
conjugates at all RBP-A concentrations showed minimal aggregation below 20 mM NaCl;
whereas, some aggregation was observed at 40 mM NaCl. The minimal changes of the
absorbance at low NaCl concentrations were due to the low ionic strength of the electrolyte.
At these NaCl concentrations, the aggregation of AuNPs is slow and the mean size of
the formed aggregate is close to the size of the original AuNPs, rendering the changes
insignificant. However, the AuNPs and the RBP-A-AuNPs conjugate solutions at lower
RBP-A concentrations (6.25–12.5 nM) changed colour from ruby red to purple/blue with
increasing concentrations of NaCl (60–100 mM), with the AuNPs reaching saturation levels
between 60 and 100 mM NaCl. This observation suggested that the Na+ and Cl− ions
destroyed the ionic environment and led to the aggregation of AuNPs in the absence of
aptamers [60]. In contrast, higher concentrations of RBP-A (25–150 nM) showed excellent
protection efficiency against NaCl-induced aggregation of AuNPs, which was indicated
by the retention of a ruby-red colour and a lower aggregation percentage. Overall, the
results indicated that the addition of RBP-A caused a dose-dependent protection against
NaCl-induced aggregation for all concentrations of NaCl. To ensure the assay is more
cost effective, the optimal concentrations of RBP-A and NaCl for the development of the
aptasensor were selected as 50 nM and 60 mM, respectively.
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Figure 4. Stability of the AuNPs and RBP-A-aptasensor in the presence of increasing concentrations
of NaCl. Final aptamer concentrations: 0, 6.25, 12.5, 25, 50, 100 and 150 nM; final NaCl concentrations:
0, 20, 40, 60, 80 and 100 mM.

3.4. Sensitivity of the Aptasensor for RBP4 Detection

The sensitivity of the AuNPs-based RBP-A-aptasensor for the detection of RBP4, under
the optimized experimental conditions (50 nM RBP-A and 60 mM NaCl), was assessed by
incubation with different concentrations of RBP4 and by calculating the absorbance ratios
(A650/A520) to evaluate the aggregation of the AuNPs. Figure 5a and the insert indicate
that the addition of NaCl caused a dose-dependent aggregation of the AuNPs, which is
indicated by the gradual colour change of the AuNPs from ruby red to purple/blue and
the shift in SPR from 519 to 600 nm. The results demonstrate that RBP-A bound to RBP4;
thus, detaching from the AuNPs and leaving the AuNPs unprotected. In the presence of
60 mM NaCl, the AuNPs aggregated in a dose-dependent manner, with a more visible
colour change between 62.5 and 250 nM. The assay was sensitive with a limit of detection
(LOD) of 90.76 ± 2.81 nM. Moreover, the assay was rapid, and the test results were visually
detectable within 5 min. The LOD was calculated as described by the International Union
of Pure and Applied Chemistry (IUPAC) [44] as follows:

LOD = 3 × SD/S

where SD is the standard deviation of the response (y-intercept of the regression line) and S
is the slope of the calibration curve.

3.5. Validation of the Aptasensor

Over the years, there has been a greater focus on the development of colorimetric
aptasensors due to their simplicity, which is based on the visual detection of a test result.
However, they frequently have sensitivity and reproducibility issues; thus, the reproducibil-
ity of the RBP-A-aptasensor was evaluated. The assay was performed in triplicate (at
a concentration of 250 nM), on three separate days. As shown in Table 1, the recovery
rate of RBP4 was in the range from 90.36 ± 3.60% to 101.49 ± 1.9% and the intra-assay
coefficients of variation (CV) calculated ranged from 1,88% to 3,99%. The results for the
RBP-A-aptasensor were comparable with the results of a commercially available Human
ELISA kit (ab108897) which has a recovery rate of 97% and an intra-assay CV of 4.8%.
In contrast, our RPB-A-aptasensor had an intra-assay CV of 3.12%, which is better than
that of the ELISA kit (8.5%), further confirming the exceptional reproducibility of the
RBP-A-aptasensor.
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 (b) 

Figure 5. Analysis of the sensitivity of the AuNP-based colorimetric aptasensor. (a) Absorption
spectra of RBP-A-AuNPs-aptasensor in the presence of increasing concentrations of RBP4. Insert:
visual colour changes of the aptasensor incubated with increasing concentrations of RBP4 (final RBP4
concentrations: 0, 7.81, 15.63, 31.25, 62.5, 125 and 250 nM). (b) Linear calibration curve for different
absorbance ratios (A620/A520) corresponding to different concentrations of RBP4 (0–125 nM).

Table 1. Mean Recoveries and Coefficients of Variation for RBP4.

Day Mean Recovery ± SD (%) CV (%) Avarage CV (%)

1 90.36 ± 3.60 3.99
3.122 94.95 ± 3.13 3.48

3 101.49 ± 1.91 1.88
SD: Standard deviation.

3.6. Specificity of the Aptasensor for RBP4

The specificity of the developed RBP-A-aptasensor for the detection of RBP4 was
evaluated against two diabetes-related biomarkers (A2MG and leptin) and one serum-
abundant protein (BSA). The proteins (at a concentration of 250 nM) were individually
incubated with the RBP-A-aptasensor, and the absorbance ratios of A620/A520 were
calculated (Figure 6). A water solution was used as the blank. The RBP-A-aptasensor
showed a colour change from ruby red to purple/blue in the presence of RBP4 and no
colour change was observed in the presence of A2MG, leptin and BSA. This indicated that
RBP4 had a very high response to the RBP-A-aptasensor; whereas, A2MG, leptin and BSA
displayed no interaction with the RBP-A-aptasensor. Previous studies have also evaluated
the specificity of RBP-A towards RBP4 using various proteins such as RBP4, adiponectin,
vaspin, nampt, BSA, human serum albumin, human IgG, fibrinogen, insulin and anti-RBP4
antibody and no interference was detected [21,23], further corroborating our results that
RBP-A is highly specific to RBP4.

3.7. Comparison of the Aptasensor with Other Aptamer-Based Approaches for RBP4 Detection

Since the identification of RBP-A in 2008 by Lee et al. [36], there have been only three
studies published detailing aptamer-based assays for the detection of RBP4. A comparison
of the results of these assays is provided in Table 2. The LODs for ELAAS, SPR and
chemiluminescence were 3.39 nM, 75 nM, and 0.04 pM, respectively [36,53,54]. In contrast,
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the aptasensor developed in this study had a limit of detection of 90.76 nM. This indicated
that the developed aptasensor was less sensitive when compared to the aptamer-based
SPR, ELAAS and chemiluminescence sensors. Nevertheless, the results in this study
were still within the normal detection range. More importantly, the results for this assay
were obtained within 5 min, whereas the results for the other assays were obtained after
approximately 2 h, indicating that the developed aptasensor was more rapid. Additionally,
confirmation of the test results is based on visual detection of colour changes without the
need for any advanced instruments, a laboratory or a power source. This further indicates
that the aptasensor is suitable for PoCT.

Figure 6. Specificity of the RBA-A-aptasensor for RBP4 detection. The specificity experiment was
performed at a concentration of 250 nM for all proteins. The blank sample contained water.

Table 2. Comparison of the RBP-A-aptasensor with other methods used for RBP4 detection.

MRE Method Nanoparticles LOD Detection Time Reference

Aptamer SPR None 75 nM 2 h and 20 min [21]
Aptamer and antibodies ELAAS None 3.39 nM 2 h [23]
Aptamer and antibodies Chemiluminescence AuNPs 0.04 pM 2 h [24]
Aptamer Colorimetric AuNPs 90.76 nM 5 min Present study

The incubation time of the aptasensor with RBP4 was also evaluated. This was carried
out by incubating RBP4 (at a concentration of 250 nM) with the aptasensor for different
time periods (0–30 min), followed by the UV–vis measurements and calculation of the
absorbance ratios (A620/A520) to determine the degree of aggregation of the AuNPs
(Figure 7). The results indicated that the aptasensor had lower aggregation in the presence
of NaCl, as indicated by the lower absorbance ratio. When the aptasensor was incubated
with RBP4 for 5 to 30 min, followed by the addition of NaCl, the aggregation increased
and reached saturation levels between 5 and 30 min, indicating that 5 min incubation of
the aptasensor and RBP4 was sufficient for binding. The interaction of RBP-A with RBP4
was further analyzed using the MicroScale Thermophoresis (MST) technique (Monolith
NT.115, Nanotemper). As shown in Table 3, MST revealed that RBP-A bound with a
dissociation constant (Kd) of 3.523 nM within 1.5 s and continued until it reached a Kd of
13.438 nM within 20 s. This is attributed to the high affinity of the aptamer for the target
thus allowing rapid recognition. One of the major advantages of PoCT is that it provides
much faster access to test results, allowing for more rapid clinical decision-making and
more appropriate treatments and interventions. This means that standard RBP4 detection
assays such as ELISAs, which require longer incubation periods, may be replaced by the
aptasensor at the PoC, allowing the process from sample collection to data analysis to
happen within 10 min.
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Figure 7. Aggregation of the RBP-A-aptasensor in the presence of 60 mM NaCl at various
incubation periods.

Table 3. MST analysis of the interaction of RBP-A with RBP4.

Time (s) 1.5 2.5 5 10 15 20

Kd (nM) 3.523 4.6723 6.6014 8.313 11.501 13.438

4. Conclusions

In this study, a label-free colorimetric aptasensor for the detection of RBP4 using
ssDNA aptamer and unmodified AuNPs was successfully developed. The assay is based
on colour change from ruby red to blue/purple due to the binding of RBP-A to RBP4, which
leaves AuNPs exposed to the phenomenon of salt-induced AuNP aggregation. The assay
was sensitive, with an LOD of 90.76 ± 2.81 nM. Further development using clinical samples
on non-diabetic and diabetic patients is required to assess the utility of the aptasensor for
the early detection of T2DM.
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Abstract: Immunoassay for detailed analysis of immune−cancer intercellular interactions can achieve
more promising diagnosis and treatment strategies for cancers including nasopharyngeal cancer
(NPC). In this study, we report a microfluidic live−cell immunoassay integrated with a microtopo-
graphic environment to meet the rising demand for monitoring intercellular interactions in different
tumor microenvironments. The developed assay allows: (1) coculture of immune cells and cancer
cells on tunable (flat or micrograting) substrates, (2) simultaneous detection of different cytokines in
a wide working range of 5–5000 pg/mL, and (3) investigation of migration behaviors of mono- and
co-cultured cells on flat/grating platforms for revealing the topography-induced intercellular and
cytokine responses. Cytokine monitoring was achieved on-chip by implementing a sensitive and
selective microbead-based sandwich assay with an antibody on microbeads, target cytokines, and the
matching fluorescent-conjugated detection antibody in an array of active peristaltic mixer-assisted
cytokine detection microchambers. Moreover, this immunoassay requires a low sample volume
down to 0.5 μL and short assay time (30 min) for on-chip cytokine quantifications. We validated
the biocompatibility of the co-culture strategy between immune cells and NPC cells and compared
the different immunological states of undifferentiated THP-1 monocytic cells or PMA-differentiated
THP-1 macrophages co-culturing with NP460 and NPC43 on topographical and planar substrates,
respectively. Hence, the integrated microfluidic platform provides an efficient, broad-range and
precise on-chip cytokine detection approach, eliminates the manual sampling procedures and allows
on-chip continuous cytokine monitoring without perturbing intercellular microenvironments on
different topographical ECM substrates, which has the potential of providing clinical significance in
early immune diagnosis, personalized immunotherapy, and precision medicine.

Keywords: live-cell immunoassay; topographic micropatterns; on-chip cytokine detection;
nasopharyngeal cancer; integrated microfluidics

1. Introduction

Nasopharyngeal carcinoma (NPC) is a major health problem for the Southeastern
Asian and North African populations [1–3], which can be divided into Epstein-Barr virus
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(EBV)-positive and negative subgroups. Although current treatments, including radio-
therapy, chemotherapy or chemo-radiotherapy, can improve the survival rates, treatment
resistance and tumor recurrence remains to date challenging, largely because of the unique
and complex intercellular interactions between cancer cells and immune cells, involving
various soluble factors released by the tumor microenvironment. The presence of EBVs can
alter the biomolecular secretion of NPC cells as well as the immune responses to them. The
non-keratinizing Epstein-Barr virus (EBV)-positive nasopharyngeal carcinoma represents a
unique tumor microenvironment, characterized by dense infiltrating immune cells compris-
ing macrophages [1]. For instance, EBV-infected NPC cells secreted a higher level of IL-1α
(1561 pg/mL), IL-1β (16.6 pg/mL) and IL-8 (422.9 pg/mL) as compared to EBV-negative
cells [4]. Macrophages secrete cytokines such as TNF (tumor necrosis factor), IL-1, IL-6,
IL-8, and IL-12, while the stimulated ones produce more TNF-α, IL-12/IL-23p40, and
IL-10 [5,6]. In addition, EBV-infected human monocytes induce the expression of MCP-1
(monocyte chemotactic protein-1) via Toll-like receptor (TLR) 2 [7]; and therefore such
MCP-1 further inhibits the IL-12 production by inflammatory macrophages [8]. Clinical
studies also highlighted that high serum levels of MCP-1, TNF-α, IL-6 and IL-8 are the most
prominent cytokines associated with bone invasion, distant metastasis, and particularly
poor outcome in NPC patients [1,7,9]. Hence, precisely investigating and quantifying
intercellular interactions and cytokine secretions from immune and cancer cells would help
in understanding the NPC developments and identifying potential targets for optimized
NPC diagnose and treatments.

The enzyme-linked immunosorbent assay (ELISA) is widely used as a “gold standard”
method for cytokine quantifications, which rely on repeated time-consuming sample incu-
bation and washing procedures and cannot be applied for in-situ, real-time and multiplex
cytokine profiling. Over the past few decades, microfluidic-based immunoassays have
been developed for rapid analysis of cytokine secretion in complex fluidic bio-samples
due to the significant advantages of microfluidics in fluid flow controlling and ultra-low
reagent consumption [10–13]. For example, a strategy reported by Han et al. is capable of
multidimensionally analyzing single cells cytokine secretion frequencies by quantitative
micro-engraving [14]. Baraket et al. designed an integrated electrochemical biosensor
platform which can perform highly sensitive multi-detection for IL-10 and IL-1β [15].
Choi et al. designed a microfluidic magnetic-beads-based device for protein analysis and
bio-molecule detection [16]. Min et al. also developed a microfluidic immunoassay plat-
form for biomolecular quantitative detection, which was based on acridine esterification
chemiluminescence [17]. To illustrate the dynamic cytokine profiles of various immune
cell subtypes, Junkin et al. developed an automated high-throughput microfluidic chip to
rebuild the dynamics of single immune cell [18], which was only supposed to detect the
cytokine secretion of single types of immune cells. To achieve the multiple cytokine profil-
ing, our pervious study developed an automated microfluidic microbeads-based device for
dynamic immunoassay, which profiled multiple cytokines secretion with a low detection
limit and short testing time [19]. However, cells growing in regular culture wells cannot
reflect the three-dimensional extracellular biochemical and morphologic environments and
more physiological-relevant results [20,21]. Our previous studies showed that nasopha-
ryngeal carcinoma cell migration dynamics and spreading directionality can be regulated
by microenvironmental morphology [22], suggesting that the grating-like topography of
pterygoid muscles can play a role in nasopharyngeal cancer spreading [23]. Andersson et al.
demonstrated the effects of substrate morphology on epithelial cell morphologic behaviors
and cytokine secretions [24]. Furthermore, the direct observation of cell behaviors such as
migration, together with cytokine measurement, may facilitate the future development of
new prognostic tools to reveal cancer-immune cell interactions.

Herein, we report a microfluidic immunoassay device by integrating the cell culture re-
gion with microtopographic substrates and our previously reported cytokine dynamics pro-
filing scheme [25,26] by implementing a microbeads-based immunofluorescence assay for
achieving more sensitive and parallel detection of multiple cytokines. Co-cultured immune
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cells (undifferentiated THP-1 monocytic cells or PMA-differentiated THP-1 macrophages)
and immortal cells NP460/NPC43 were cultured in the device, in which cell culture medium
was extracted from the cell culture at different time points, transferred and analyzed in
the cytokine detection microchambers for quantifying secretions of TNF and IL-12p70
throughout the co-culture period. As IL-12p70 secretion of monocytes can reflect their EBV
infection, these results can quantitatively reflect the role of EBV in immune responses upon
nasopharyngeal carcinoma.

2. Materials and Methods

2.1. Device Fabrication

The reported microfluidic device (Figure 1a) consists of three layers of microstructures
made of polydimethylsiloxane (PDMS; Dow Corning, Midland, MI, USA): a control layer
(height: 20 μm), a flow layer (gas channel height: 20 μm) and a micro−grating layer, with
the design layout as illustrated in Figure 1b. The device was fabricated by multilayer soft
lithography [25] and the required replica molds were fabricated by photolithography, as
described in Figure S1 in the Supplementary Material.

 

Figure 1. (a) Representative microscopic image of a microfluidic immunoassay device integrated with
an ECM protein-coated topologic environment. Inset: microscopic image of the parallel grating array
in cell culture chamber (grating width: 18 μm, the depth: 18 μm). Scale bar: 100 μm. (b) The integrated
microfluidic immunoassay device microchannels in the control layer consist of two functional units:
valves (cyan) for micromixers and valves (red) for flow control. The flow channels are composed
of an array of microchambers (green) for microbead trapping, connecting channels (black) between
the cell culture region and the downstream cytokine detection arrays. Specially, the connecting
microchannels surrounding cell culture chamber contained multiple micro-gaps (height 4 μm; width
50 μm) to allow liquid flow while simultaneously confining the cells in the culture chamber. Scale
bar: 4 mm. (c) Schematic of the integrated microfluidic immunoassay device operation. Immune cells
(macrophages) and nasopharyngeal cells (NPC) were co-cultured in the grating array-embedded cell
culture chamber, and the media with secreted cytokines from the cell culture chamber were extracted
and incubated with pre-loaded antibody-conjugated microbeads for capturing cytokines in one of the
cytokine detection-microchamber. Fluorescent-conjugated detection antibodies were used to label the
captured cytokine for microscopic imaging-based multiple cytokine quantification.
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The layout of the microfluidic device was designed with Adobe Illustrator CS6 soft-
ware. Plastic photomasks for each layer were printed by Newway Photomask, Inc. for
fabricating the molds. The mold of parallel micro-gratings (width: 18 μm; depth: 18 μm)
was fabricated by deep reactive ion etching with an AZ50XT positive photoresist (AZ
Electronic Materials, Somerville, NJ, USA) as the sacrificial layer. On the other hand,
molds of the control layer and the flow layer were also fabricated by photolithography
of SU−8 photoresist (SU−8 2010, Microchem, Westborough, MA, USA) on planar silicon
wafers. Microchannel patterns of the flow layer mold were fabricated with AZ50XT with a
height of 20 μm, reflowed at 120 ◦C for 1 min, while the microchambers and the filtering
microstructure around the cell culture region (height: 30 μm) of the mold were aligned
with the microchannel patterns and fabricated with an SU-8 2010 photoresist (Microchem,
Westborough, MA, USA). All the molds were then silanized by trichloro (1H, 1H, 2H,
2H-perfluoro-octyl) silane (Sigma-Aldrich, St. Louis, MO, USA) for 12 h to facilitate the
release of the molded PDMS layers in the later procedures.

Afterwards, PDMS pre-polymer was prepared by mixing the base and the curing
agent with a weight ratio of 10:1. The microfluidic device with multiple PDMS layers
were fabricated by replica molding of PDMS from the molds using the multiplayer soft
lithography as described in Figure S1, with the PDMS applied on the molds with different
thickness: 5 mm by pouring on the control layer mold, 35 μm by spin-coating over the
flow layer mold, and 1 mm by pouring on the micro-grating mold. All the following
bonding processes between PDMS layers were then achieved by air plasma (energy 10 kJ;
Harrick plasma cleaner PDC-002, Ithaca, NY, USA). According to the layout of the mi-
crofluidic device, as shown in Figure 1a, the PDMS control layer was aligned and bonded
onto the flow layer, with holes punched at the gas/liquid inlets and outlets (diameter:
1 mm; WHAWB100073, Sigma-Aldrich, St. Louis, MO, USA), followed by punching a
hole (diameter: 6 mm; WHAWB100082, Sigma-Aldrich, St. Louis, MO, USA) at the cell
culture region. The PDMS substrate was then bonded on the micro-grating layer, with the
micro-grating structures (Figure 1a and Figure S1 in the Supplementary Material) facing
the culture chamber. The culturing region was further covered by bonding with another
PDMS layer (thickness: 5 mm), with two punched holes as the sample inlet and outlet.
Finally, the entire multilayer PDMS substrate was bonded onto a glass slide (Cytoglass,
Nanjing, China) for physical support.

2.2. Cell Preparation

A human monocytic cell line (THP-1, ATCC TIB-202, Manassas, VA, USA) was cultured
in a complete RPMI-1640 culture medium supplemented with 10% fetal bovine serum and
1% penicillin. An immortal human nasopharyngeal epithelial cell line (NP 460) and a
nasopharyngeal carcinoma cell line (NPC 43) were developed and donated by the research
team of S. W. Tsao, from cell extracts of nasopharyngeal cancer patients [27]. NP 460 cells
were cultured in a mixture of 50% complete Eplife medium (Thermo Fisher Scientific,
Waltham, MA, USA), 50% complete defined keratinocyte−SFM (Thermo Fisher Scientific,
Waltham, MA, USA) with 100 units/mL penicillin and 100 μg/mL streptomycin. NPC
43 cells were maintained in RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) added with
10% fetal bovine serum, 4 μM Y27632 dihydrochloride (Alexis), 100 unit/mL penicillin
and 100 μg/mL streptomycin. All the cell types were cultured in a 37 ◦C incubator (HERA
cell 150, Thermo Fisher Scientific, Waltham, MA, USA) with a humidified and 5% CO2
environment. Additionally, the macrophages were derived from THP−1 cells before
experiments. THP−1 cells with a density of 1 × 106 cells/mL was treated with 50 ng/mL
of phorbol 12-myristate 13-acetate [28] (PMA; Sigma-Aldrich, St. Louis, MO, USA) for 20 h.
The treated cells were then trypsinized (Sigma-Aldrich, St. Louis, MO, USA) for 3 min at
room temperature and replaced with fresh media before transferring to the device.
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2.3. Automated Microscope and Cytokine Quantification

All the microfluidic manipulation for cell culture, monitoring and imaging was op-
erated by an automated microscope platform developed in our laboratory [29]. It mainly
includes an inverted fluorescence microscope (IX71, Olympus, Tokyo, Japan) integrated
with a microscope camera (Zyla 4.2, Andor Technology Ltd., Belfast, UK) with computer-
controlled compressed air supply manifolds and a confining shield mounted on a computer-
controlled movable stage of the microscope, offering stable temperature (37 ◦C), humidity
and gas (5% CO2) conditions for cell culture (Figure S2 in the Supplementary Material).
Cytokine concentrations were quantified using a commercial human inflammatory cytokine
kit (Catalog No. 551811, BD Biosciences) in all samples.

2.4. Statistics

All experiments were conducted with at least four independent experiments. The
p-values were calculated using Student’s t-test in Excel (Microsoft), with p < 0.05 considered
as statistically significant.

3. Results and Discussion

3.1. Device Design and Operation

We have developed an integrated microfluidic immunoassay device, which can imple-
ment in-situ and multiplex monitoring of time-lapsed cytokine secretions in an extracellular
matrix (ECM) protein-coated topologic environment. This device consists of three main
components: a cell culture chamber with parallel microgratings, cytokine detection ar-
rays (four rows and four columns) and an array of active peristaltic mixers (Figure 1a,b).
The parallel gratings (each with 18 μm in width and 18 μm in depth) fabricated by poly-
dimethylsiloxane (PDMS) replica molding can mimic the microtopography of pterygoid
muscles [23]. The optically transparent cell culture chamber allows the direct observation of
cell behaviors and live cell staining under a microscope. Furthermore, it was surrounded by
a barrier containing multiple micro-gaps (height: 4 μm; width: 50 μm) to confine cells inside
the cell culture chamber, while allowing cell culture media and the secreted cytokines to
flow to one of the cytokine detection chambers to achieve the microbeads-based immunoas-
say for multiple cytokines at different time points. The extracted media were incubated
with antibody-conjugated microbeads for capturing cytokines, followed by mixing with
phycoerythrin (PE)-conjugated detection antibodies to form fluorescent sandwich com-
plexes for microscopic imaging and cytokine quantification (Figure 1c). In each cytokine
detection chamber (volume: 160 nl), a bypass channel (volume: 30 nl) was integrated with
a peristaltic mixer, which consisted of three peristaltic microvalves for active pumping and
mixing to accelerate the cytokine detection based on the Taylor dispersion effect [30]. The
whole assay can be conducted in less than 30 min.

Notably, we applied 20 μg/mL bovine collagen (Sigma Aldrich, St. Louis, MO,
USA) [31] into the culture chamber for 2 h at room temperature before injecting the selected
cells, because collagen is a key ECM protein of pterygoid muscles [32]. The nasopharyngeal
cells (NP460 or NPC43) and macrophage cells were pre-mixed with a defined population
ratio and seeded into the cell culture chamber through the culture inlet and incubated
in a microscope incubator with stabilized temperature at 37 ◦C and 5% CO2 to facilitate
immune cells secreting cytokines in response to target cells. Simultaneously, the detection
microbeads were loaded into the bypass channel aside the cytokine detection chamber by
opening the corresponding control valves for defining the access from the ‘Microbeads’
inlet (Figure 1b) to the target detection chamber. We then waited for 10 min for the mi-
crobeads sitting on the bottom of the microchamber. The device operation for extracting
and quantifying cytokine is shown in Figure 2a and Supplementary video S1. In each
measurement, 0.5 μL of the media with secreted cytokines in the culture chamber was
extracted from the culture chamber and transported into a detection microchamber with
preloaded microbeads for cytokine detection. Meanwhile, fresh media flowed into the cul-
ture chamber to supplement the media being extracted. The bypass channel corresponding
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to the defined cytokine detection chamber was flushed with a PE-conjugated antibody
solution, and then the peristaltic mixer was activated for 2 min to mix the PE solution and
microbeads (Supplementary video S2). We removed the unconjugated antibody solution by
flowing phosphate-buffered saline (PBS) along the detection chamber under gentle driving
compressed air with pressure of 0.2 psi for 3 min. The microbeads expressed fluorescence
at 647 nm from the bead bodies and the bound cytokine molecules induced fluorescence at
488 nm over the bead surfaces. After imaging the microbeads using an inverted fluorescent
microscope, the measured fluorescence intensities at 488 nm were converted to the cytokine
concentrations according to the calibration curves (Figure 2b).

 

Figure 2. (a) Cytokine detection procedures of the integrated microfluidic immunoassay device.
Cytokines produced by NPC and immune cells on-chip were transferred from the cell culture region
to the cytokine detection arrays, and specifically captured by the pre-loaded antibody conjugated
microbeads, followed by washing with PBS buffer. To quantify the cytokine concentrations on-chip,
fluorescent phycoerythrin (PE)-conjugated detection antibodies were mixed with the cytokine-binding
microbeads using an integrated micromixer (middle panel, representative microscope images),
causing the fluorescence change on the microbeads as a readout of binding events. Finally, the
fluorescence change was quantified by microscope imaging, and the cytokine concentration was
calculated according to the calibration curves. (b) The calibration curve of two different cytometric
microbeads for TNF and IL12p70 in the microfluidic device by challenging microbeads with different
concentrations of cytokines. The data points for 2.4 pg/mL cytokine concentration are not included
in the fitting line. Each data point was obtained from the average value of n > 100 from 3 repeated
measurements. All error bars represent the standard errors.
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To obtain the calibration curves for the selected cytokines, different concentrations
(2.4 pg/mL, 4.9 pg/mL, 9.8 pg/mL, 19.5 pg/mL, 39.1 pg/mL, 78.1 pg/mL, 156.3 pg/mL,
312.5 pg/mL, 625 pg/mL, 1250 pg/mL, 2500 pg/mL, 5000 pg/mL) of each cytokine
were prepared by standard PBS dilution of the stocking cytokine solution (5 ng/mL).
Linear regression with R2 > 0.9 was observed between fluorescence intensity (488 nm) and
molecular concentrations for each cytokine type. The limit of detection was calculated
as ~5 pg/mL for both cytokines based on the concentration, giving a signal equal to the
blank signal (Y0) plus three standard deviations of the blank (3σ), or 4 pg/mL for TNF and
3 pg/mL for IL12p70 based on 3σ/S, where S is the slope of the calibration curve.

3.2. Viability and Cytokine Secretion of Single Cell-Type Cultures

To verify cell viability in the culture chamber, we applied live/dead-cell staining
(L-3224, Thermo Fisher Scientific, Waltham, MA, USA) to the immune cells (THP-1 cells
and differentiated macrophages) and nasopharyngeal cells (NP460 and NPC43) growing in
the culture chamber at a cell density of 1 × 105 cells/mL. For instance, a stained NPC43
pseudopod attaching on a micro-grating can be captured as shown in Figure 3a, which
suggests the good biocompatibility of the on-chip microtopographic environment; and
three-dimensional fluorescence micrographs of stained NPC43 cells are shown in Figure 3b,
where green cells are live cells and red cells are dead cells. Our results (Figure 3c) indicate
that viabilities of NP460, NPC43, THP-1 and macrophages are maintained at >95% for the
cells growing in the culture chamber for 24 h.

 

Figure 3. (a) Top view (left panel) and three-dimensional view (right panel) of the reconstructed
confocal microscopy images of a NPC43 cell culture on a micro-grating array. Scale bar: 20 μm.
(b) Brightfield (left) and live/dead-stained (right) images of NPC43 cultured on micro-gratings for
8 h. Scale bar: 30 μm. (c) Viability of NPC43, NP460, THP-1 and THP-1-derived macrophages in
the culturing chamber for 8 h. Asterisk represents a p-value of <0.05 calculated by Student’s t-test.
(d) Cytokine secretions of mono cultured NPC43/NP460 cells and immune cells on micro-gratings
after 8 h of culture. Error bars represent the standard errors.
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Additionally, we have also measured the cytokine secretion levels (TNF and IL-12p70)
of the single cell-type cultures as summarized in Figure 3d. As described above, the
simulated macrophages produce more TNF-α and IL-12 [5,6]; and EBV-infection of the
monocytes can cause suppressed IL-12 secretion [8] via the induced MCP-1 expression [7].
Therefore, we selected and quantified TNF and IL-12p70 (an active heterodimer of IL-12)
for reflecting the simulated activity and the EBV-infection of the macrophages, respectively.
Each of the cell types was seeded in the culture chamber at a density of 1 × 105 cells/mL
and incubated for 8 h before the cytokine quantification. In brief, our results show that the
unstimulated macrophages can secrete a measurable level of IL-12-p70 (65 pg/mL); whereas
relatively larger portions of TNF can be contributed from macrophages (80 pg/mL) and
NPC43 cells (62 pg/mL). Such measurements of the single cell-type cultures can determine
the baselines of the cytokine levels for the immune-nasopharyngeal cell cocultures.

3.3. Cytokine Secretion Dynamics of Immune Cells Co-Cultured with Nasopharyngeal Cells

In the measurements of the cytokine dynamics, immune cells (1 × 105 cells/mL) and
nasopharyngeal cells (1 × 105 cells/mL) were cocultured in the culture chamber, with
either undifferentiated THP-1 cells or differentiated macrophages applied as the immune
cells, and either EBV-positive nasopharyngeal carcinoma (NPC43) cells or EBV-negative
nasopharyngeal (NP460) cells applied as the nasopharyngeal cells. Macrophage cells
were differentiated from the THP-1 cells by PMA with a concentration of 50 ng/mL for
24 h before the measurements. The cytokine measurements of TNF and IL-12-p70 were
performed prior to the culture and at 3, 4, 5, 6, 7 and 8 h of culture. The first three hours of
culture could offer a stable environment for cell adaptation.

In the measurements as shown in Figure 4a, we have considered both NPC43 and
NP460 in three conditions for different purposes: (1) cocultured with undifferentiated THP-
1 on a flat surface as a control case, (2) cocultured with THP-1-differentiated macrophages
on a flat surface for estimating the NPC43/NP460-stimulated cytokine secretion, and (3) co-
cultured with THP-1-derived macrophages on microgratings for revealing the topography-
induced cytokine responses.

For the TNF measurements, our results show that the differentiated macrophages
secrete a much higher level of the pro-inflammatory cytokine TNF than the undifferentiated
THP-1 monocytic cells for both cocultured cases (NPC43 and NP460). The TNF secretions
of the cell cocultures on microgratings have an increment of ~20% on average, compared
to the cells on flat surfaces, implicating an underlying mechanism related to the microto-
pographic factors (Figure 4a). Nevertheless, the cytokine secretions of both macrophages
and monocytic cells cocultured with NPC43 are less than those cocultured with NP460,
suggesting that NPC43 may suppress the TNF secretion of immune cells. One possible
explanation is that EBV can suppress TNF-α synthesis from lipopolysaccharide-treated
monocytes at both protein and transcriptional levels as reported previously [33].

For the IL-12p70 measurements, it is noteworthy that a distinct secretion profile of
IL-12p70 was observed compared to that of TNF (Figure 4b). Though similar trends as the
TNF secretion cases have been shown that the IL-12p70 levels are, in general, higher (1) in
the macrophages cocultures than in the monocyte cocultures and (2) on the microgratings
than on the flat surface for the macrophage cocultures; the coculture with NPC43 does not
necessarily induce higher IL-12p70 levels than the coculture with NP460. Furthermore,
IL-12p70 secretions of the macrophage-NPC43 cocultures have increasing cytokine levels
in the initial stage (0–6 h), reaching the maximum levels at ~6 h and gradually decreasing
afterward. Notably, the coefficient of variation (CV), the ratio of the standard deviation to
the mean, was investigated for repeatability, which was less than 15% for all data.
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Figure 4. (a) The concentration of TNF secreted from cocultured undifferentiated THP-1 and THP-
1-differentiated macrophages with NPC43 cells or NP460 cells, with and without a parallel grating
array. (b) The concentration of IL-12p70 secreted from THP-1 and macrophages co-cultured with
NPC43 cells or NP460 cells, with and without parallel grating array (n = 4 for each point). Error bars
are the standard errors in all plots. Asterisk represents a p-value of <0.05.

These results reveal some insightful observations. Interestingly, the macrophage-
NPC43 cocultures exhibit suppressed IL-12p70 expressions after 6 h of coculture, implicat-
ing an underlying related mechanism between macrophages and nasopharyngeal cancer
cells. This agrees with previous clinical studies that nasopharyngeal carcinoma patients
have a reduced level of IL-12p70 in their serum [9]. This indicates the suppression of
IL-12 secretion, which can be caused by the induced MCP-1 expression of the EBV-infected
macrophages [7]. EBV-infection of microphages can also promote polarization to the M2
macrophages [34], leaving a smaller portion of IL-12p70 secreting M1 macrophages [35].
On the other hand, our results show that the microgratings as a microtopographic factor
can induce the cytokine secretions of TNF and IL-12p70 on top of the molecular interac-
tions between the immune and nasopharyngeal cells. One possible explanation is that
cells adhering to the parallel gratings have different cell behaviors, e.g., morphology and
migration [23], which can then affect the immune-cancer cell interaction to some extents.
Therefore, it is worthwhile to further apply the reported microfluidic immunoassay to
investigate the cell-microenvironment dependency through the simultaneous monitoring
of cell behaviors during the coculture periods.

3.4. Cell Migration

We further investigated the migration behaviors of NP460 and NPC43 single cell
co-cultured with or without THP-1 derived macrophages on grating platforms. We seeded
NP460/MPC43 cells at a density of 5 × 102 cells/cm2 and each of the co-cultured cells at a
density of 2.5 × 102 cells/cm2, followed by culturing the cells for 8 h and monitoring their
migration under a microscope. Migration trajectories of NP460 and NPC43 cells growing
on the planar/microgratings substrates (along 90◦/270◦) are shown in Figure 5a. Clearly,
the cells on planar surfaces display a random migration trajectory, whereas the cells on
microgratings migrate with a direction along the microgratings.
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Figure 5. (a) Migration trajectories of single NP460 and NPC43 cells on flat/grating substrates.
(b) Migration speed of single NP460, single NPC43 and those co-cultured with THP-1 derived
macrophages on platforms with/without grating. n > 35 for all cases. Error bars represent the
standard errors. Asterisk represents a p-value of <0.05.

Our results (Figure 5b) further indicate that NPC43 cells migrate faster than NP460
cells on both planar and micrograting surfaces. NPC43 cells can migrate even faster when
they are cultured on micro-grating substrates than on planar substrates. On the other hand,
NP460 cells migrate slower on microgratings than they do on planar substrates, which sug-
gests the different responses of NP460 and NPC43 cells upon the microgratings topography.
Furthermore, the co-cultures of macrophages with NP460/NPC43 cells on planar substrates
induce faster cell migration, suggesting that molecular secretions of macrophages can pro-
mote cell migration. In fact, it has been reported that the MCP-1 secreted by macrophages
can promote cell migration [36]. Furthermore, our results indicate that >5% of macrophages
and NPC43 cells adhered together on microgratings without further migration, whereas the
other cells appearing as single cells without noticeable cell-cell contact can still maintain at a
faster migration speed. Interestingly, the cytokine and migration measurements exhibit that
nasopharyngeal cancer cells can stay on the microgratings with suppressed IL-12 secretion
of the contacting macrophages, supporting the higher tendency of nasopharyngeal cancer
spreading to the grating-like pterygoid muscles [37]. Together, the microgratings can affect
cell migration behaviors and possibly the intracellular interactions of nasopharyngeal cells
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(NP460 and NPC43) and immune cells. For example, it is worthwhile to further examine
the correlation between the direct NPC43/macrophage contact and the suppressed IL-12
secretion, and the underlying mechanism.

There are several limitations in the current study. For instance, the effects of in-
terference components such as cell debris in detection samples would be eliminated by
integrating a porous membrane filter [38] for sample pretreatments before cytokine de-
tection. Integrating the current microfluidic immunoassay with non-washing cytokine
detection strategy such as AlphaLISA [39] may further improve the detection sensitivity
and specificity. Simultaneous monitoring of cell behaviors and highly multiplex cytokine
detection during the coculture periods using the developed immunoassay would provide
valuable insights into the comprehensive and dynamic immune status in solid tumors
and during inflammatory states that result in heterogeneous tumor microenvironmental
features for precision medicine. Moreover, standardized and automated fabrication setup
such as cost-efficient and multilayer PDMS aligner [40] should be further developed for
large-scale and high throughput fabrication of the developed microfluidic immunoassay.

4. Conclusions

In conclusion, we have reported a multifunctional microfluidic immunoassay by
integrating microtopographic cell-culture substrates with a microbeads-based immunofluo-
rescence assay that enables parallel detection of different immune biomarkers and inter-
cellular behaviors in a rapid, sensitive, and easy-to-implement manner. The developed
assay exhibits the advantages of the simultaneous investigation of different cytokines and
cell migration behaviors on flat/grating ECM substrates, requiring a low-volume sample
(0.5 μL) and short assay time (30 min) but a sensitive performance in a wide range of
cytokine concentrations (5–5000 pg/mL). Secretions of TNF and IL-12p70 were successfully
monitored throughout the co-culture period to evaluate the different immunological states
of undifferentiated THP-1 monocytic cells or PMA-differentiated THP-1 macrophages co-
cultured with immortal cells NP460/NPC43 on flat and micrograting surfaces. We believe
that the reported immunoassay is a promising approach to allow continuous, broad-range
and precise on-chip characterization of cytokine and intercellular interactions on different
topographical substrates, and thus provides clinical significance for early tumor diagnosis
and treatment.
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(a) and computer-controlled compressed air supply manifolds (b); Video S1: Device operation for
extracting culture media from the cell culture chamber; Video S2: Cytokine detection procedures in
one detection unit integrated with an active micromixer.
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Abstract: In recent years, semiconducting polymer dots (Pdots) have attracted much attention due
to their excellent photophysical properties and applicability, such as large absorption cross section,
high brightness, tunable fluorescence emission, excellent photostability, good biocompatibility, facile
modification and regulation. Therefore, Pdots have been widely used in various types of sensing and
imaging in biological medicine. More importantly, the recent development of Pdots for point-of-care
biosensing and in vivo imaging has emerged as a promising class of optical diagnostic technologies for
clinical applications. In this review, we briefly outline strategies for the preparation and modification
of Pdots and summarize the recent progress in the development of Pdots-based optical probes for
analytical detection and biomedical imaging. Finally, challenges and future developments of Pdots
for biomedical applications are given.

Keywords: polymer dots; biosensors; fluorescent probes; semiconducting polymers; molecular imaging

1. Introduction

Nanomedicine is the study of the application of nanoparticles in the field of biomedicine,
and it has made progress in medical diagnosis and treatment, including biosensing, tissue
engineering, medical imaging, cell tracking, drug transporting and cancer optical ther-
apy [1–4]. Generally, biosensors can specifically detect analytes to provide physiological
information in a fast and accurate way, and point-of-care testing has become a medical
trend, as it greatly facilitates patient self-monitoring of health [5–8]. Apart from biosens-
ing applications, biological imaging helps to visualize the internal structures or enables
functional imaging for disease diagnosis, and multimodal imaging combines several imag-
ing methods to integrate the respective signal containing different aspects of biological
information for a more comprehensive diagnosis and accurate treatment [9,10]. With the
development of materials and principles, biosensing and bioimaging technologies have
received considerable attention due to their advantages of high resolution, real-time and
non-invasiveness [11–13]. However, since the properties of the materials could exert in-
fluence on the sensitivity and accuracy of biosensing and optical applications, traditional
small-molecule organic dyes suffer from inherent weakness such as short lifetime, poor
photostability and low absorption, which limit further biomedical applications [14–16].

Nanomaterials with better properties and performance have been developed and
widely used in the biological field [17–19]. Nanomaterials used to constitute biosensors
have great properties and performance due to their unique nanoscale and easily modifiable
characteristics, which benefit the energy transfer. On the other hand, nanomaterials for
contrast agents contribute to better penetration depth and conversion efficiency, resulting
in higher-quality imaging [20–22]. Typical luminescent nanomaterials include quantum
dots (Qdots) [23], carbon dots [24], upconversion nanoparticles (UCNPs) [25], aggregation-
induced emission (AIE) dots [26] and polymer dots (Pdots) [27]. In particular, Pdots have
demonstrated the utilization of optical and biosensing applications in recent years, such as
super-resolution imaging [28,29], fluorescence imaging [30,31] and disease-related marker
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detection [32,33]. Pdots are organic nanoparticles assembled from polymer chains with
π-conjugated systems, and the nanoscale size endows Pdots with unique properties, which
have attracted extensive attention. According to the definition given by Wu and Chiu [34],
the Pdots, specifically considered as a part of semiconducting polymer nanoparticles
(SPNs), are nanoparticles consisting of hydrophobic semiconducting polymers with a
volume or weight fraction more than 50% and a diameter generally less than 50 nm,
sometimes the particles size can be less than 30 nm. Pdots have shown characteristics of
large absorption cross section, high brightness, good photostability, low toxicity and various
forms of existence and modification, which are the basis of fluorescence probes for complex
biological applications, typically for fluorescence-based biosensing and bioimaging [35–37].

This review focuses on the fundamental content and recent advances of Pdots in
biosensing and bioimaging applications. The preparation and properties of Pdots are
briefly introduced. Modification and functionalization are basic and crucial parts of practi-
cal applications, which are related to the attachment of functional groups to the surface
of nanoparticles. Thus, several surface modification methods are also introduced. Many
Pdots have been presented for in vitro biosensing applications and therapy applications,
such as ion sensors [38], reactive oxygen species sensors [39], nucleic acid assays [40,41],
enzymatic activity assays [42], photodynamic therapy [43], photothermal therapy [44],
gene therapy [45] and chemotherapy [46], which are referred to in recent reviews [47–49].
Herein, we focus on the latest reported Pdots for point-of-care biosensing and in vivo
imaging (Figure 1). Pdots point-of-care biosensors, applied to disease-related-metabolites
assays, nicotinamide adenine dinucleotide (NAD) sensing, tumor markers quantification
and cancer diagnostics, are detailed to demonstrate their great potential in biosensing
and transducing techniques. Then, Pdots used as optical probes in bioimaging, such as
fluorescence imaging, photoacoustic imaging (PAI), afterglow imaging, chemiluminescence
imaging and multimodal imaging, are highlighted. The properties and biomedical applica-
tions of the Pdots summarized in this review are listed in Table 1. In the end, we share the
challenges and perspective in this field.

 
Figure 1. Semiconducting polymer dots for biosensing and imaging.

68



Biosensors 2023, 13, 137

Table 1. Pdots for biosensing and in vivo imaging.

Pdots λmax
abs (nm) λmax

em (nm) Φ (%) Application Ref.

DPA-CNPPV 294 627 10.8 NADH sensing [50]
PD4Gx 380 425, 672 11.5 Glucose monitoring [51]

PF-TC6FQ ~360 ~670 N.A. PSA detection [52]
PFCN ~390 ~450 N.A. AFP detection [52]
PFO ~350 ~490 N.A. CEA detection [52]

APNs 700 720 N.A. Cancer and allograft [53]
ASPNC ~440 680 N.A. Exosomes sensing [54]

NIR MEH-PPV 504 776 N.A. Fluorescent imaging [55]
m-PBTQ4F 946 1123 3.2 Fluorescent imaging [56]

RET2IR NPs 503 778 0.18 Fluorescent imaging [57]
Pdots-C6 745 1055 N.A. Fluorescent imaging [58]
SPN-PT 1064 N.A. N.A. Photoacoustic imaging [59]

DPP-BTzTD ~1000 N.A. N.A. Photoacoustic imaging [60]
SPNs ~490 780 N.A. Afterglow imaging [61]

SPPVN 500, 775 775 51.0 Afterglow imaging [62]
SPN-NIR 452, 773 507, 775 2.12 Chemiluminescent imaging [63]

SPNRs 450, 460, 580 520, 540, 700 2.7 ± 0.014 Chemiluminescent imaging [64]
rSPN2 ~680 840 N.A. Multimodal imaging [65]

PPE Gd-SPNs 388 440, 470 22.0 Multimodal imaging [66]
Au-NP-Pdots 525 ~440, 460 18.0 Multimodal imaging [67]

N.A.: Not applicable.

2. Semiconducting Polymer Dots

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

2.1. Methods of Preparation

As different preparation methods generate the Pdots with different sizes and per-
formance, it is critical to choose the corresponding method to obtain suitable size and
properties according to various application scenarios. The main preparation methods in-
clude the direct polymerization method, miniemulsion method, nanoprecipitation method
and self-assembly method. Direct polymerization, referring to the preparation of Pdots
from low molecular weight monomers by chemical reactions, offers a wide range of options
for size and structure since it also applies to the polymers that are insoluble in organic
solvents [68]. Miniemulsion and nanoprecipitation methods dissolve conjugated polymers
in organic solvents and interact with water [69,70]. The self-assembly method requires
stirring of the solution to mix conjugated polymers and reagents for functionalization. In
this part, nanoprecipitation and miniemulsion methods are mainly illustrated (Figure 2).

During the preparation process of the miniemulsion method, the conjugated polymers
or monomers to be polymerized are dissolved in a water-immiscible organic solvent [71].
Under vigorous sonication or stirring, it forms microemulsion droplets with aqueous
solutions containing surfactants. Finally, stable and uniformly-dispersed Pdots are obtained
by removing the organic solvent. In particular, the surfactants are used to avoid aggregation
of microemulsion droplets. The concentration of polymers and surfactants in the mixed
solution can affect the size of Pdots.
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Figure 2. The miniemulsion and nanoprecipitation methods of Pdots.

In the nanoprecipitation method, conjugated polymers and amphiphilic polymers
are dissolved in a water-miscible organic solvent. Then, the mixed solution is rapidly
injected into water under vigorous sonication, and the nanoprecipitation occurs during
this process. Pdots with great water dispersibility are obtained by removing the organic
solvent. The biggest difference between the miniemulsion and nanoprecipitation meth-
ods is the solvent. The nanoprecipitation method uses a water-miscible organic solvent
such as tetrahydrofuran (THF), while the miniemulsion method uses a water-immiscible
organic solvent such as chloroform. Typically, both methods use surfactants or amphiphilic
polymers to increase the yield of nanoparticles. The size of the Pdots depends on the con-
centration of conjugated polymers in the organic solvents, which ranges from 5 to 50 nm,
while the miniemulsion method often gives larger Pdots (larger than 40 nm). In addition,
different kinds of amphiphilic polymers can realize different modifications for Pdots in the
process of preparation. Liu’s group fabricated uniform Pdots by a microfluidic-assisted
nanoprecipitation process with a coaxial microfluidic glass capillary mixer [72]. Wu’s group
used the nanoprecipitation method to prepare functional Pdots with carboxyl groups on
the surface for further bioconjugation [73]. Further, they combined photo-crosslinking
technology to prepare Pdot-based nanocavities, nanoellipsoids, triangular nanorings and
nanowires [74–76].

2.2. Properties and Performance

The critical factors to evaluate the quality of fluorescent probes are absorption cross
section, quantum yield, emission rate and photostability. Absorption cross section is
used to describe the ability of Pdots to absorb a photon of a particular wavelength and
polarization. Studies have shown that the peak absorption cross section of single particles
(15 nm in diameter) is about 10–100 times of CdSe Qdots [77]. Moreover, another key
property, called quantum yield, is the ratio of the number of photons emitted to the number
absorbed; the typical value is below 40% due to aggregation-induced self-quenching [78],
and high quantum yield can reach 50–80%. It is generally considered that the brightness of
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fluorescent molecules depends on the product of absorption cross section and quantum
yield. Photostability is assessed by the photobleaching quantum yield calculated from
the ratio of photobleaching photons number to the photons absorbed number. Typical
photobleaching quantum yield ranges from 10−4 to 10−6 [79]. Additionally, different kinds
of Pdots have been proven to have low toxicity, thus Pdots are widely used in biological
applications [80]. Several relevant research results about properties of Pdots are given in
Figure 3.

Figure 3. The properties of Pdots. (A) A photograph of various Pdots emitted by ultraviolet light.
(B) Absorption and emission spectra of various Pdots. Reproduced from Ref. [34] with permission.
(C) Single-particle images and intensity distributions of Qdot 655 and PBdots. Reproduced from
Ref. [81] with permission. (D) Fluorescence imaging of MCF-7 cells incubated with anti-EpCAM
primary antibody and Pdot-lgG conjugates. The bottom panels show the imaging of cells incubated
with Pdot-lgG alone. (E) Fluorescence intensity distributions for Pdot-streptavidin-labeled MCF-7
cells and Qdot 565-streptavidin-labeled MCF-7 cells. Reproduced from Ref. [82] with permission.
(F) Ultrabright FRET-based Pdots with simultaneously high absorption cross section and quantum
yield. (G) Combined fluorescence microscopy images of MCF-7 cells labeled with PEP/PFPV Pdot-
streptavidin and biotinylated primary antibody. Reproduced from Ref. [83] with permission.

The improvement of properties is a constant proposition in biological applications of
Pdots. Recently, Zhang et al. reported fluorescence resonance energy transfer (FRET)-based
Pdots with both large absorption cross section and high quantum yield [83]. By choosing
acceptors that had a greater spectral overlap with donors or mixing different kinds of Pdots
to create cascade FRET Pdots, they obtained ultrabright blue-, green- and red-emitting Pdots
that were among the brightest Pdots reported in the visible region. In other examples, Kuo
et al. found that the photostability of Pdots can be improved by adding 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) or 2-(N-morpholino)ethanesulfonic acid (MES)
buffer to quench photoinduced radicals, which aided long-term cell tracking in biological
imaging [84]. Chang et al. also designed low-toxic cycloplatinated Pdots, used as a
photocatalyst to strengthen the photocatalytic efficiency and stability [85].

2.3. Surface Modification and Biological Functionalization
2.3.1. Encapsulation Method

Silica encapsulation is widely used for surface modification, as other functional groups
could be easily attached to silica, which encapsulates particles in a 2–3 nm shell [86,87]. This
method greatly promotes biological functionalization of Pdots. However, the silica shell is
possible to hydrolyze in biological environments, and the amino groups used to stabilize
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silica-encapsulated Pdots (10–20 nm in diameter) also cause nonspecific adhesion between
Pdots and the cell surface. Another way for surface modification is to encapsulate Pdots
using poly (lactic-co-glycolic acid) (PLGA) [88,89] or phospholipids [90,91], which increases
nanoparticle stability and reduces nonspecific adhesion. However, the size of nanoparticles
modified by PLGA (230–270 nm) and phospholipids (80–100 nm) is too large to apply
at the cellular and subcellular levels. Furthermore, the low concentration of fluorescent
polymers eventually limits the brightness of nanoparticles, which causes the failure of the
encapsulation method to take full advantages of the Pdots.

2.3.2. Amphiphilic Polymer Coprecipitation Method

Chiu’s group developed some effective functionalization methods [34,82]. They pre-
added amphiphilic polymers in organic solvents, and then prepared Pdots by nanopre-
cipitation. In this process, amphiphilic polymers covered the surface of the hydrophobic
nanoparticles, and their hydrophobic ends were randomly bound to hydrophobic Pdots,
while the hydrophilic ends were exposed to water. As a result, Pdots with hydrophilic
groups were formed to covalently link biomolecules for biological conjugation and function-
alization. For example, an amphiphilic polymer, polystyrene-polyethylene glycol-carboxyl
(PS-PEG-COOH), was used for surface modification of Pdots [82]. The average diameter of
the product was about 15 nm, and more than 80% of the constituents were significantly
effective fluorophores. These research results indicated that this strategy can generate
efficient nanoparticle probes, since neither the size nor fluorescent properties of Pdots
were affected.

Wu et al. used another amphiphilic polymer, poly (styrene-co-maleic anhydride)
(PSMA), to realize biological functionalization [73]. The hydrophilic ends were hydrolyzed
in an aqueous environment to form Pdots with carboxyl groups, which facilitated further
subsequent bioorthogonal labeling by click chemistry (Figure 4A). Dynamic light scattering
(DLS) and transmission electron microscopy (TEM) measurements showed the typical
image and hydrodynamic diameter (~15 nm) of functionalized Pdots. Among different
functional groups on the Pdots surface, the carboxyl-functionalized Pdots had a significant
increase in mobility in the gel electrophoresis (Figure 4B).

2.3.3. Direct Functionalization

In the above modification methods, functional molecules are non-covalently linked
to Pdots, which is the main reason for functional molecules falling from the surface of
Pdots, which ultimately affects the performance of functionalized Pdots. To overcome these
drawbacks, Zhang et al. developed an alternative direct functionalization method, in which
Pdots covalently link functional groups [92]. They synthesized conjugated polymers with
different percentages of carboxyl groups and used them directly to prepare functionalized
Pdots to avoid extra surface modification procedures. Moreover, they found that the
degree of functionalization influences the stability and performance of Pdots. In addition,
the low carboxylic acid group density (2.3%) brings the greatest properties, including
fluorescence brightness, colloidal stability, non-specific absorption and compact internal
structure. Yu et al. reported a cross-linking strategy to form functionalized Pdots with
enhanced labeling efficiency and sensitivity for cellular assays (Figure 4C) [93]. In addition,
Zhang and Chen et al. developed facile strategies with an optical stimulus to covalently
link polyethylene glycol and/or carboxyl functional groups to the Pdots (Figure 4D) [94,95],
and demonstrated effective bioconjugation of these functionalized photocross-linkable
Pdots for specific cellular labeling.
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Figure 4. The functionalization methods of Pdots. (A) Pdots coprecipitated with amphiphilic polymer
PSMA for bioorthogonal labeling via click chemistry. (B) Gel electrophoresis of Pdots with various
surface functional groups using a 0.7% agarose gel. Reproduced from Ref. [73] with permission.
(C) Fluorescence microscopy image of microtubules in HeLa cells labeled with cross-linked Pdot-
streptavidin. Reproduced from Ref. [93] with permission. (D) PEGylated and carboxyl-functionalized
Pdots for bioconjugation for specific cellular targeting. Reproduced from Ref. [95] with permission.

3. Application of Pdots Biosensors in Point-of-Care Diagnostics

Point-of-care diagnostics are analytical assays outside the laboratory in order to ensure
the convenience of fast testing for target analytes in patients with the same accuracy
as laboratory tests. Recently, Pdots-based biosensors have been used for point-of-care
diagnostics due to their superior photophysical properties and efficient energy transfer or
electron transfer.

FRET has facilitated tremendous advances in biosensing for point-of-care applications.
FRET is a phenomenon in which energy is non-radiatively transferred from a donor flu-
orophore to an acceptor fluorophore, where the fluorescence of the acceptor is emitted
while the fluorescence of the donor is quenched. Nanoscale Pdots enable efficient energy
transfer, as the efficiency of FRET strongly depends on the distance between donor and
acceptor [96]. Additionally, FRET in Pdots biosensors could enhance the brightness of
Pdots and obtain high absorption cross section and great photostability [97]. Specific dyes
are added into Pdots to realize corresponding FRET-based biosensing [98], which could be
applied to detect various metabolites and physiological information [95], including reactive
oxygen species [99–101], pH [102], temperature [103,104] and metal ions [105,106]. In this
review, Pdots-based biosensors for biomolecule detection are mainly discussed.

3.1. Nicotinamide Adenine Dinucleotide (Oxidized Form: NAD+; Reduced Form: NADH)

NADH plays an extremely important role in redox reactions as a coenzyme in enzyme-
catalyzed reactions associated with physiological processes [107]. The variation of NAD+

and NADH concentration is one of the manifestations of diseases such as cancer, epilepsy
and Parkinson’s disease [108–110]. Biosensors, realizing the convenient and accurate
measurement of NAD+ and NADH concentrations in point-of-care, can promote research
advances in the diagnosis of related diseases.

Chen et al. developed a series of Pdots for ratiometric NADH sensing [50], including
PFO, PDHF, PFBT, PFBTTBT, PFTBT and DPA-CNPPV Pdots (Figure 5A), which were
prepared by the nanoprecipitation method with PSMA. For DPA-CNPPV, the emission
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maximum was exhibited at 627 nm with excitation at 385 nm. In the presence of NADH,
electron transfer from excited DPA-CNPPV to NADH caused fluorescence quenching of
DPA-CNPPV Pdots, which was manifested as a decrease in emission intensity at 627 nm.
Since NADH in solution had a blue emission (peak at 458 nm), while DPA-CNPPV hardly
absorbed in the blue region, there was almost no energy transfer from NADH to DPA-
CNPPV. In short, with the increasing concentration of NADH, the emission intensity
decreased at 627 nm and increased at 485 nm in the physiological range (0–2 mM, Figure 5B).
For other Pdots, for example, the absorption of PFBT in the blue region caused less color
contrast, which was not favorable for ratiometric sensing. On the other hand, the NADH-
sensitive DPA-CNPPV Pdots had shown great performance in terms of photostability,
response time, selectivity (Figure 5C) and reversibility.

Figure 5. DPA-CNPPV Pdots for reversible ratiometric NADH sensing. (A) The preparation of
DPA-CNPPV Pdots by nanoprecipitation. (B) Emission spectra of DPA-CNPPV Pdots with 0–2 mM
NADH. (C) Selectivity of DPA-CNPPV to NADH versus 10 other analytes. (D) Calibration curve
of DPA-CNPPV Pdots in the range of 0–2 mM NADH. R = I458 nm/I627 nm; R0 = R in the absence of
NADH. (E) DPA-CNPPV Pdots at 0–2 mM NADH with excitation at 365 nm. (F) Ratiometric imaging
taken by smartphone for NADH in vivo measurement. DPA-CNPPV were injected into two locations
of mice with or without NADH (0.1 μmol). Heatmap images of blue/red-channel intensities ratios
are shown on the right, with a high ratio (red) indicating high concentration of NADH. Reproduced
from Ref. [50] with permission.

A DPA-CNPPV Pdots probe used for NADH measurement in vivo showed the po-
tential for point-of-care testing. The emission proportion of the DPA-CNPPV Pdots probe
changed with the increasing NADH concentration, and the true-color photographs were
taken by smartphone for further analysis. The blue/red ratio, with a linear response to
NADH concentration, was considered as a key parameter for NADH sensing, which was
calculated by dividing the true-color photographs into blue and red channels (Figure 5D,E).
Applying this protocol to mice (Figure 5F) enabled ratiometric NADH sensing.
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3.2. Disease-Related Metabolites

Metabolites assays play a key role in early disease diagnosis and management for
the reason that its blood levels are closely related to the disease or injuries; for example,
phenylalanine in phenylketonuria, glucose in diabetes, tyrosinase in tyrosinemia, glutamate
during ischemic strokes, galactose in galactosemia and leucine in maple syrup urine disease.
However, it cannot reliably detect most metabolites, hindering disease diagnosis and
management [111]. To address this issue, many researchers have developed new methods
for stoichiometric-based metabolite detection using Pdots biosensors.

3.2.1. Glucose

According to the International Diabetes Federation, an estimated 8.8% of adults aged
20–79 had diabetes in 2015, and the proportion is expected to rise to 10.4% by 2040 [112].
Diabetes is a metabolic disease with increased concentration of blood glucose. Long-term
high blood glucose can cause great damage to the heart, kidneys and nervous system of
diabetic patients. Blood glucose management is a vital part of diabetes treatment, including
instant sampling detection and dynamic real-time monitoring.

Recently, functionalized Pdots covalently linked to glucose oxidase (GOx) have been
used as biosensors for real-time monitoring due to their excellent properties and outstand-
ing detection results [113]. In the presence of analytes, internal oxygen is depleted to
translate the oxygen concentration into a fluorescent (or phosphorescent) signal. Based
on this principle, Wu’s group developed an ultrasensitive Pdots transducer that enables
wireless glucose monitoring [51]. The transducer was mainly composed of phosphorescent
dyes, GOx and Pdots functionalized by PSMA (Figure 6A). PDHF was selected as the light-
harvesting host. In addition, the oxygen-sensitive Pd(II) meso-tetra (pentafluorophenyl)
porphine (PdTFPP, D4) was doped in PDHF Pdots. The glucose biosensor (PD4Gx) was
formed by binding GOx to carboxyl groups on the surface of PDHF. FRET between PDHF
and D4 caused changes in emission light in the presence of glucose, since GOx-catalyzed
oxidation of glucose causes changes in oxygen levels. Upon ultraviolet (UV) excitation, the
blue fluorescence from PDHF Pdots was quenched, and the glucose biosensors showed
red phosphorescence from D4. The emission spectrum of solutions with different glucose
concentrations are shown in Figure 6B. With increasing glucose concentration, the ratio
of blue and red light changed, causing the sensors to emit different colors. During the
experiment, they implanted PD4Gx sensors subcutaneously in mice, took photographs of
the light-emitting part with a smartphone and found that the luminescent images were
obviously altered after glucose infusion. Glucose concentrations were acquired by com-
paring the calibration curve (Figure 6C) with the emission ratio obtained from true-color
image processing. Data from the continuous monitoring of the P4DGx glucose sensors were
in good agreement with the discrete measurements from commercial blood glucometers
(Figure 6D), indicating that this ultrabright Pdots transducer enabled dynamic real-time
wireless monitoring of blood glucose in living mice.

However, there are some drawbacks that can be improved in the above research.
Hydrogen peroxide was produced during the process of glucose oxidation, resulting in
photobleaching that degraded glucose sensor performance (Figure 6E), reducing enzymatic
activity and generating cytotoxicity. Thus, Sun et al. developed their research approach to
construct Pdots-based glucose sensors with an enzymatic cascade system (Pdots-GOx/CAT)
by adding catalase to the above sensors to rapidly decompose hydrogen peroxide and
improve the photostability and biocompatibility of glucose sensors [114]. Figure 6F,G
shows the performance of this Pdots-GOx/CAT glucose transducer, which indicates an
excellent long-term sensing ability for monitoring glucose. However, the reaction of
peroxide decomposition, physical activity and pathological factors changed oxygen levels
in tissues, thereby affecting the accuracy of glucose concentration. Therefore, Sun et al. also
proposed an assumption to prepare a second oxygen-sensitive Pdots sensor not coupled
with GOx, for the purpose of measuring the altered oxygen levels outside the glucose
biosensor and further correcting the changes to improve the accuracy of the results [115].
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The feasibility of this method had been demonstrated by numerical simulations and in vivo
experiments. Other problems arising from implantable Pdots sensors were the aggregation
and migration of nanoparticles in subcutaneous tissue, which was possibly caused by the
direct implantation of free Pdots, and affected the detection of luminous intensity. Liu
et al. proposed an injectable hydrogel implant to disperse Pdots evenly in it. The hydrogel
remained at the implant site for one month without migration. The findings suggest that
this method can be used for long-term glucose monitoring [116].

Figure 6. Pdots transducer used for wireless glucose monitoring. (A) The design and detection
principle of PD4Gx. (B) Emission spectra of PD4Gx in a series of PBS solutions with different glucose
concentrations. (C) Calibration curve by comparing red/blue ratio with standard glucose values.
(D) Real-time detection for glucose concentration by PD4Gx transducer (black) and commercial
glucose meter (red). Reproduced from Ref. [51] with permission. (E) Response curves of the Pdot–
GOx transducer with different concentrations of exogenous hydrogen peroxide. (F) Response curves
of the Pdot–GOx/CAT transducer with different CAT/GOx ratios. (G) Liner relationship between
glucose concentration and emission ratio of Pdot-GOx/CAT with 5-fold CAT/GOx ratio. Reproduced
from Ref. [114] with permission.

3.2.2. Phenylalanine

Phenylketonuria (PKU) is a metabolic genetic disorder that causes a defect in pheny-
lalanine hydroxylase, preventing the conversion of phenylalanine to tyrosine and increasing
blood phenylalanine levels [117]. This mechanism typically results in neurological damage
in infants and children with PKU. PKU screening for newborns and management of blood
phenylalanine levels in PKU patients have received much attention.

Chen et al. designed a metabolite biosensor consisting of NADH-sensitive Pdots
and phenylalanine dehydrogenase (PheDH) [118]. On the basis of this biosensor, a paper-
based point-of-care assay for blood phenylalanine levels was developed for PKU screening.
Phenylalanine underwent oxidation catalyzed by PheDH to form phenylpyruvate and
NADH. In the presence of NADH, red fluorescence was quenched and blue fluorescence
was emitted. The emission intensities ratio at 458 nm and 627 nm showed an 18.9-fold
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change in concentration, from 0 to 2400 μM. In the process of the assay, plasma samples
were added into test paper with lyophilized buffer containing modified Pdots, NAD+

and PheDH. The blood phenylalanine concentrations were calculated from the emission
intensity ratio of the blue and red channel. The performance of Pdots biosensors applied
to a healthy person (60 μM) and a classic PKU patient (1200 μM) showed a significant
difference in the ratio of blue and red channel intensity. Moreover, the error caused by
endogenous NADH was corrected by analyzing samples both in the presence and absence
of PheDH. The difference in concentrations obtained in the absence and presence of PheDH,
respectively, was considered to be the exact blood phenylalanine concentration. The
measurement result of plasma samples with phenylalanine were obtained by using a digital
camera. Such a system can be promoted to the concentration measurement of any other
metabolite oxidized by NAD+ or reduced by NADH.

3.3. Tumor Markers

Immunochromatographic test strips (ICTS) have become an important tool for point-
of-care testing (POCT) of tumor markers. Especially, ICTS based on multicolor Pdots
with excellent fluorescent properties can be used for multiplex detection of target analytes.
Chan’s group developed a series of Pdots-based ICTS for the detection of multiple tumor
markers [52,119,120]. For the simultaneous detection of prostate-specific antigen (PSA),
α-fetoprotein (AFP) and carcinoembryonic antigen (CEA) in a single test strip, Fang et al.
developed ICTS based on PF-TC6FQ/PFCN/PFO Pdots, which emit red, green and blue
fluorescence, respectively [52]. The test strip consists of an absorbent pad, conjugate
pad, sample pad and nitrocellulose membrane. Pdot–antibody conjugates, prepared by
conjugation of Pdots functionalized with carboxyl groups and PSA/AFP/CEA antibody,
respectively, were added into the conjugate pad of the test strip (Figure 7A). The control
lines and test lines in the nitrocellulose membranes were modified with a caption antibody
and bare lgG, respectively. The absorbent pad, conjugate pad and sample pad were then
sequentially adhered to the nitrocellulose membrane to assemble the test strips. Samples
dropped on the sample pad would move due to the capillary force. Regardless of the
presence of target tumor markers, Pdot–antibody conjugates connected with the bare lgG in
the control line to emit fluorescence to indicate the validity of test strip. In addition, in the
presence of target tumor markers, Pdot–antibody conjugates were specifically captured by
the corresponding caption antibody in the test line and also emitted the specific fluorescence,
which gave the positive results. In the absence of target analytes, no emission can be
observed in the test line, which gives the negative results. The multiplexed detection of
PSA/AFP/CEA was obtained by direct observation with the naked eye under ultraviolet
light, as shown in Figure 7B.

Quantitative detection should be calculated according to the fluorescence intensity
ratio of the test line to the control line (T/C). With the increasing of tumor markers con-
centration, the fluorescence brightness of the test line enhanced, while that of the control
line decreased. The reason for this phenomenon was that the number of Pdot–antibody
conjugates was certain in a test strip; the more Pdot–antibody conjugates were bound to the
test line in the presence of tumor markers, the less were bond to the control line, resulting in
the comparison of fluorescence intensity of these two lines. According to the study results,
the fluorescence ratio of T/C was linearly related to the log [PSA/AFP/CEA] concentration
in the range of 3–15 ng/mL. The limit of detection was two orders of magnitude lower
than that of conventional detection methods, which indicated that Pdot-based ICTS was
beneficial for early diagnosis, rapid screening or regular monitoring of cancer.

Other types of test strips have been developed to improve the detection performance
and expand the range of applications. You et al. used Pdot–Au hybrid nanocomposites,
formed from Pdots and Au nanorods, with dual colorimetric and fluorometric readout
abilities, for rapid screening (colorimetry) and accurate detection (fluorometry) of PSA [119].
The calibration curve of quantitative performance for PSA of this Au650@Pdot immunoas-
say platform is given in Figure 7C. A drop of whole blood could realize the detection of
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PSA, since the plasma was captured by the sample pad, whereas conventional testing
requires pretreatment of whole blood. Yang et al. reported another dual-modal Au@Pdot-
based immunoassay for the detection of CEA and cytokeratin 19 fragments (CYFRA21-1)
in the blood of non-small-cell lung cancer patients [120]. The test line was simultaneously
modified by the two corresponding caption antibodies, causing four different types of lu-
minous modals with two luminous lines, representing four detection results (Figure 7D,E).
Similarly, this Au@Pdot-based ICTS had good linearity in the quantitative analysis for
CYFRA21-1 and CEA detection.

 
Figure 7. Multiplexed ICTS based on Pdots for detection of CEA/AFP/PSA. (A) The structure
and principle of multiplexed ICTS for detection of multiplexed tumor markers. (B) Photographs
of detection results with multiplexed tumor markers concentration (0/0/5, 0/5/0, 5/0/0, 5/5/5
ng/mL). Reproduced from Ref. [52] with permission. (C) The calibration curve of the Au650@Pdot
immunoassay platform with 3–10 ng/mL PSA. Reproduced from Ref. [119] with permission.
(D,E) Photographs of Au@Pdot-based test strips with samples containing different concentrations of
CYFRA21-1 and CEA obtained under ambient light (D) and UV light (E). Reproduced from Ref. [120]
with permission.

3.4. Cancer and Allograft Rejection

Polymer nanoparticles can be used for detecting biomarkers related to cancer and
allograft rejection in early diagnosis. An advanced method for in vivo imaging and therapy
utilizes the interconversion between nanoparticles and small molecules, since it has lots of
advantages such as deeper penetration and broader biodistribution due to the small size of
molecules, longer retention at the disease site of nanoparticles formed by the biomarker-
activated conversion, fast clearance and specific sensitivity [121–123]. Pu’s group recently
reported the activatable polyfluorophore nanosensors (APNs) with biomarker-activated
renal clearance and fluorescence response for bioimaging and urinalysis, which consisted of
protease-reactive peptide brushes, cascaded self-immolative linker and caged fluorophore
units [53]. Cathepsin B and granzyme B, corresponding with tumor status and lymphocyte
activation in allograft rejection, were chosen to be the biomarkers of APNs. In the intrinsic
state, APNs were non-fluorescent and accumulated at the disease site. Then, in the activated
state, which was caused by the presence of disease-related biomarkers, the protease released
the renal-clearable fluorophore fragments. These fragments were further cleared though
the kidneys for fluorescent urine analysis. The high renal clearance efficacy and specificity
testing of biomarkers made APNs-based urinalysis superior to other detection methods.
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3.5. Exosomes

Exosomes, extracellular vesicles containing protein, DNA and RNA from the cells
that secrete them, take part in cell communication and are involved in pathogenesis of
several diseases, including cancer, neurodegeneration and infections [124]. Therefore, they
have recently been used in new assays for disease-related biomarker identification and
therapeutic response monitoring. Development of biosensors for exosome detection is
significant for early cancer diagnosis. Lyu et al. reported the first near-infrared (NIR)
afterglow nanosensor for multiplex differentiation of cancer-related exosomes, which
consisted of a complex (ASPNC) formed by an NIR semiconducting polyelectrolyte with a
quencher-tagged aptamer [54]. Poly(phenylenevinylene)-based (PPV-based) Pdots were
used as the backbone for afterglow luminescence, while an NIR 1O2 photosensitizer, tetra-
phenylporphyrin (TPP), was added into the PPV backbone for red-shift emission and
afterglow signal amplification. The side chains on PPV, cationic quaternary ammonium
groups, enabled the formation of ASNPC with the black hole quencher 2 (BHQ-2)-tagged
aptamer. The fluorescence and afterglow signals of ASPNC were both quenched due to
the electron transfer between PPV and BHQ-2. However, in the presence of exosomes, the
specific binding between exosomes and the designed aptamer hampers the electron transfer
and activates the fluorescence and afterglow signals. In their studies, a comparison of the
limit of detection (LOD) and of afterglow signal with fluorescence signal indicated that
afterglow detection enabled the minimization of background interference and achieved an
LOD two orders of magnitude (~93-fold) lower than fluorescence detection. By orthogonally
assaying of five kinds of exosomes at the expression levels of four biomarkers, they showed
the recognition ability of this afterglow nanosensor and suggested that the different BHQ-
2 targeted aptamers mediated the specific binding of ASPNC for potential orthogonal
analysis of multiplex exosomes.

Additionally, Jiang et al. developed a method using exosomes labeled with Pdots for
superresolution mapping with location error less than 5 nm and excellent optical adjustable
duty cycles [125]. In their studies, the switch-on frequency of Pdots were tuned to obtain
the structure of a large number of exosomes within a few minutes. A combination of two
Pdots and one fluorophore that conjugated antibodies against three different tetraspanins
on a seminal exosome were used for multicolor superresolution mapping to simultaneously
achieve high throughput and high imaging quality of three tetraspanins. This method
can also be applied to understand the structure of other similar biological vesicles, which
promotes the application of vesicles in disease diagnosis.

4. Application of Pdots Optical Probes in Bioimaging

Optical imaging plays a critical role in disease diagnosis, which includes fluorescence
imaging, PAI, afterglow imaging, chemiluminescent imaging, bioluminescence imaging,
multiphoton imaging and harmonic imaging. Traditional materials for bioimaging have
limitations such as low brightness, photobleaching and toxicity, while Pdots are considered
as potential bioimaging materials due to their high brightness and good biocompatibil-
ity [126–128].

4.1. Pdots for Fluorescence Imaging

Fluorescence imaging enables tumor imaging, cell labeling and targeting, vascular
structure imaging, etc. This imaging technology requires no ionizing radiation and enables
real-time imaging with targetability and high spatial resolution to provide the exact location
and silhouette of the targeted object. In particular, NIR fluorescence imaging allows in vivo
fluorescence imaging with deeper penetration in biological tissue and less background
fluorescence than visible-light fluorescence imaging. An ideal NIR fluorescent agent applied
for targeting optical probes should work in the NIR window (NIR-I at 700–900 nm and NIR-
II at 1000–1700 nm) and have great photophysical properties, such as brightness, quantum
yield and photostability and sufficient strokes shift [125,126]. Indocyanine green (ICG) and
methylene blue (MB) are commonly used as NIR fluorescent agents. However, ICG and
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MB lack sufficient targetability against tumors and the ability of specific conjugation, with
low quantum yield and poor photostability [129–132]. Thus, NIR fluorescent Pdots have
developed as fluorescence probes in fluorescence imaging due to their good targetability
and low background fluorescence and have been applied in lymph node localization [57],
tumor imaging [58] and cancer cell tracking and imaging [133].

NIR fluorescent Pdots can be used for cell labeling to track cell migration non-
invasively. Xiong et al. prepared NIR fluorescent Pdots for long-term tumor cell tracking
in vivo [55]. They doped the NIR dye, silicon 2,3-naphthalocyaninebis(trihexylsilyloxide)
(NIR775), into poly [2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV)
to prepare the fluorescent nanoprobes. FRET between MEH-PPV as a donor and NIR775
as an acceptor achieved NIR emission, with the absorption peak at 504 nm dominated
by MEH-PPV and the emission peak at 776 nm dominated by NIR775. Additionally, the
optimal weight ratio of NIR775 to MEH-PPV (0.012:1) decreased the self-quenching and
provided the highest efficiency. In their study, 20 μg of NIR Pdots were used to treat
2 × 105 HeLa cells, and then cells were injected into nude mice. The fluorescence of NIR
Pdots remained at 75% after 7 days and 28% after 23 days. According to their research
results, NIR Pdots proved to have proper strokes shift for reducing errors caused by back-
ground fluorescence, weak cytotoxicity evaluated by CCK-8 assays, long-term labeling
ability and photostability, which indicated the potential of NIR Pdots-based nanoprobes in
the field of in vivo tumor imaging. Furthermore, Feng et al. developed an ultrasmall Pdots
with excellent specificity and fast clearance for targeted tumor cell imaging, suppressing
nonspecific cell uptake that limited the targetability and sensitivity of nanoprobes [134].

Based on the application of NIR fluorescent Pdots for labeling and tracking of targeted
cells, in vivo tumor imaging technology has expanded and developed new methods by
several improved strategies. Liu et al. developed a fluorination method of Pdots for high
brightness in the NIR-II window, which promoted the application of NIR-II probes in brain
tumor imaging [56]. They fluoridated PBTQ (m-PBTQ4F) to improve its photophysical
properties by using semiconducting polymer synthesized with benzodithiophene (BDT) as
a donor and triazole [4,5-g]-quinoxaline (TQ) as an acceptor and changing the quantity and
location of the fluorine substituent on the TQ acceptor. The m-PBTQ4F showed excellent
fluorescence intensity and photostability compared to ICG and IR26 NIR fluorophores
(Figure 8A–C) due to the nanoscale fluorous effect. To assess the quality of m-PBTQ4F used
in in vivo fluorescence imaging, they used m-PBTQ4F Pdots for tail-vein injection to show
the whole-body vasculature structure of C57BL/6 mice in both prone and supine positions
(Figure 8D). In addition, in the prone position, blood vessels in the back were observed
clearly, which indicated that m-PBTQ4F Pdots could successfully display in vivo vascula-
ture for tumor fluorescence imaging, since microvascular proliferation and pleomorphic
vessels are one of the typical characterizations of malignant brain tumors [135]. The blood
vessels were evenly distributed in the normal brain, whereas they were unevenly and chaot-
ically distributed in brain tumors. Therefore, the brain tumors were revealed by vascular
structure images obtained from NIR-II fluorescent imaging using m-PBTQ4F Pdots.

4.2. Pdots for Photoacoustic Imaging

PAI is a non-invasive biomedical imaging technique that involves the energy conver-
sion from biological tissue. The photoacoustic (PA) contrast agents in the biological tissue
absorb energy when they are irradiated by pulsed laser, and then generate ultrasound
signals due to transient thermoelastic expansion, which is also referred to PA signals. PA
images with high selectivity and penetration depth can be reconstructed by detecting the
PA signals containing information about light absorption characteristics. The intensity
of PA signal depends on the internal competition of the PA contrast agents between flu-
orescence emission and non-radioactive heat dissipation. Pdots have been used as PA
contrast agents for PAI since Pdots have high photothermal conversion efficiencies and PA
intensity [136–140].
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Figure 8. The performance of m-PBTQ4F Pdots for vasculature imaging. (A) Absorption spectra of
the various Pdots. (B) Emission spectra of the various Pdots. (C) The photostability under excitation
at 808 nm of ICG, IR-26 and m-PBTQ4F in corresponding solvent. (D) The NIR-II fluorescent images
of C57BL/6 mice injected with 100 mL of m-PBTQ4F into the tail vein in prone and supine positions.
Reproduced from Ref. [56] with permission.

4.2.1. Amplification of PA Signal from Pdots

To reduce the toxicity, many design strategies have been developed to amplify the PA
signal, which aids to decrease the dosage of PA contrast agents formed by Pdots [141,142].
Adapting the structure of Pdots is one of the design strategies to amplify the PA signal.
Guo et al. designed a series of Pdots by using different electron acceptors and planar
electron donors, which demonstrated the high photothermal conversion efficiencies and
signal-to-background ratio (SBR) of 47 in PAI for tumors in vivo at a depth of 3.2 mm [143].
Dong et al. also prepared PTIGSVS nanoparticles with a high photothermal conversion
efficiency of 74% that proved to be a superior PA contrast agent. Another way to amplify
the PA signal is to enhance the non-radioactive heat dissipation by strengthening the
fluorescence quenching [144]. Lyu et al. developed an intraparticle molecular orbital
engineering approach to induce electron transfer with light irradiation, causing enhanced
heat production, which increased the PA signal intensity of Pdots by 2.6-fold and maximum
photothermal temperature by 1.3-fold [145]. For some Pdots with original faint fluorescence,
accelerating the heat dissipation can also enhance the PA signal intensity. Zhen et al.
reported that Pdots with a silica layer on the surface simulatively improved the fluorescence
and PA brightness due to the higher interfacial thermal conductance between the silica
layer and water [146]. Duan et al. also developed CP-IO nanocomposites in which the
additional heat production and faster heat dissipation caused by IO nanoparticles resulted
in amplification of the PA signal. The above research progress indicates that Pdots for PA
contrast agents have potential development space and application prospects for PAI [147].

4.2.2. Pdots for NIR-II PAI

NIR-II PAI usually has higher SBR and penetration depth compared to NIR-I imaging
due to reduced light attenuation and lower absorption by biological tissues in the NIR-II
window. Recently, Numerous research studies have demonstrated that the Pdots-based
NIR-II PA contrast agents have increased SBR and penetration depth, as well as a higher
maximum permissible exposure and image resolution [148–151]. In addition, metabolizable
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ability related to biotoxicity is another key property of NIR-II PA contrast agents for in vivo
PAI, which is an issue to be researched.

Jiang et al. designed a group of metabolizable NIR-II Pdots contrast agents that were
easily degraded by relevant enzymes in phagocytes to ultrasmall metabolites, which were
cleared out by hepatobiliary and renal excretions after PAI [59]. Three different Pdots
(SPN-OT, SPN-PT and SPN-DT) were obtained from three corresponding semiconduct-
ing polymers encapsulated into poly(ethyleneglycol)-methyl ether-block-poly(lactide-co-
glycolide) (PLGA–PEG) by nanoprecipitation. The obtained Pdots had peak absorption at
about 1079 nm and an average hydrodynamic diameter of about 30 nm. The PA spectrum
of obtained Pdots ranged from 680 nm to 1064 nm, while the PA amplitude of blood proved
to significantly decrease at 1064 nm, indicating these Pdots had increased SBR in PAI due
to the background noise from blood, which decreased at 1064 nm in the NIR-II window.
SPN-PT was detected for the metabolism and clearance processes as a representative Pdot.
Myeloperoxidase (MPO) in phagocytes efficiently degraded semiconducting particles, and
lipase in phagocytes catalyzed the hydrolysis of ester linkages of PLGA-PEG. After com-
bined treatment of MPO and lipase, the hydrodynamic diameter of SPN-PT reduced from
30 nm to about 1 nm. The degradation product was fluorescent and then expelled from
phagocytes, as shown in Figure 9A. The NIR-II fluorescence signal of degraded products of
SPN-PT in the cytoplasm of cells was detected using a confocal laser scanning microscopy
(Figure 9B), and the fluorescence was obviously observed after 48 h of incubation, which
indicated the degradation in phagocytes was efficient and successful. They then delivered
SPN-PT into living mice to study the clearance pathways inside the organism. The fluores-
cence signal of blood reached a maximum on the first day, then, that of urine dominated
by renal clearance also reached a maximum on the second day, as shown in Figure 9C.
Subsequently, the signal from the liver reached the top on the fourth day (Figure 9D), and,
finally, feces on the fifth day. Such a sequence demonstrated that SPN-PT was successfully
degraded in living mice and cleared out though the renal pathway in the beginning and
hepatobiliary pathway later. To investigate the NIR-II PA ability of SPN-PT, they used a
superficial tumor modal and a deep transcranial brain vasculature modal via vein injec-
tion of SPN-PT. The PA amplitude of tumor region and brain vasculature both increased
(Figure 9E), making it easier to observe the structure of superficial tumor and brain blood
vessels. All the results indicated that these Pdots were efficient NIR-II contrast agents for
PAI in vivo and had great biosafety ensured by renal and hepatobiliary clearance.

Men et al. also reported metabolizable highly absorbing NIR-II Pdots for PAI-guided
photothermal therapy (PTT), with ultrasmall size at 4 nm, good biocompatibility and photo-
stability, high photothermal conversion efficiency and tumor ablation capability [60]. These
metabolizable and ultrasmall Pdots were prepared by a conjugated polymer, Poly([2,5-bis(2-
decyltetradecyl)-2,5-dihydropyrrolo [3,4-c]pyrrole-1,4-dione-3,6-dithienyl]-co-[6-(2-ethylhexyl)-
[1,2,5]thiadiazolo [3,4-f]benzotriazole-4,8-diyl]) (DPP-BTzTD), and PSMA though the nano-
precipitation method. The particle size revealed by DLS of the obtained DPP-BTzTD S-Pdots
was 4 nm, and L-Pdots were 25 nm. The NIR spectra of obtained S-Pdots and L-Pdots showed
high absorption in the NIR-II region.

DPP-BTzTD S-Pdots exhibited good photothermal properties. The temperature varia-
tion of S-Pdots at different power densities integrated the laser-power-dependency of the
photothermal effect. In addition, the rapid temperature increases of S-Pdots at different
concentrations also showed the concentration dependency of the photothermal heating
effect. The photothermal stability of S-Pdots was assessed by five repeated laser on/off
cycles with NIR-II laser irradiation, while the highest temperature was detected within the
same range. The photothermal conversion efficiency of S-Pdots was calculated to be 53.1%.
Furthermore, the PAI capability of S-Pdots was demonstrated by in vitro phantom tests.
The PA signal intensities of S-Pdots were detected at different concentrations from 50 to
200 μg mL−1 to show the linear relationship between PA signal intensity and concentration
of S-Pdots. The in vivo PAI performance of S-Pdots was inspected by monitoring the PA
intensities at the tumor site at designed time points of a 4T1 tumor-bearing nude mice
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modal. The PA intensity peaked 2 h post injection and stabilized at 24 h post injection,
which also revealed the increased metabolizable ability of the S-Pdots. DPP-BTzTD S-Pdots
showed the potential utility for NIR-II contract agents with ultrasmall particle size, high
photothermal conversion efficiency, rapid excretion and strong PA signal.

Figure 9. Metabolizable Pdots NIR-II contrast agents for in vivo PAI. (A) The degradation and
metabolism process of Pdots in phagocytes. (B) Confocal images of cells incubated by SPN-PT at
different time points. (C) Variation of fluorescence intensity with time in the urine of living mice
after vein injection of SPN-PT. (D) Variation of fluorescence intensity with time in the liver region.
(E) PA images of a superficial tumor and brain vasculature of injected mice at special time points
under irradiation at 1064 nm. Reproduced from Ref. [59] with permission.

4.3. Pdots for Afterglow Imaging

In addition to the imaging methods mentioned above, other luminescence imaging
including afterglow imaging [152], chemiluminescent imaging [153] and bioluminescence
imaging [154] provides different imaging characteristics and advantages. Such methods
realize imaging decrease background interference caused by irradiation light in fluorescence
imaging, causing higher SBR of images. Pu and co-workers have developed a series of
polymer nanoparticles for afterglow imaging. Afterglow materials emit light long after
ceasing to provide excitation light. Thus, the fluorescence from afterglow materials and
biological tissues can be separated to obtain better images. Miao et al. presented Pdots
with a diameter less than 40 nm, emitting luminescence at 780 nm with a half-life of
about 6 min. Such afterglow Pdots were demonstrated to be more than 100-fold brighter
than inorganic afterglow materials in afterglow intensity, and 127-fold higher than NIR
fluorescence imaging in SBR of living mice tumor imaging [61]. Xie et al. reported self-
assemble poly(p-phenylenevinylene) derivatives for metastatic tumor afterglow imaging
in living mice, which detected the xenograft tumors with volumes of 1 mm3 and tiny
peritoneal metastatic tumors [62]. These afterglow nanoparticles also showed the potential
utility for oxygen partial pressure imaging due to the oxygen-sensitive afterglow property.
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4.4. Pdots for Chemiluminescent Imaging

Electrochemiluminescent and chemiluminescent Pdots for imaging generate light
without light irradiation, which significantly reduces the background interference and
photodamage [155]. Zhen et al. developed Pdots doped with naphthalocyanine dye for
detection of hydrogen peroxide with intraparticle chemiluminescence resonance energy
transfer, realizing the ultrasensitive imaging for hydrogen peroxide in several mouse
modals [63]. Moreover, Cui et al. firstly reported Pdots activated by superoxide anion to
generate the chemiluminescent signal for in vivo imaging in cancer immunotherapy [64].
Pdots accumulated into tumors and produced the chemiluminescent signal corresponding
with the concentration of superoxide anion.

4.5. Pdots for Multimodal Imaging

Pdots with dual imaging capabilities have been developed since the multimodal
imaging attracts much interest in biological imaging. In relevant studies, the designed
Pdots served as fluorescent probes and gave other forms of imaging signals, such as
signals in PAI, magnetic resonance imaging (MRI), computed tomography (CT) imaging
and singlephoton emission computed tomography (SPECT) imaging to offer the location
or physiological information of the detection area for better diagnosis and treatment
effects [156–160]. Lyu et al. reported reaction-based Pdots (rSPNs) with a sulfenic acid
reactive group (1,3-cyclohexanedione) on the surface [65]. Figure 10A,B shows the PA
maximum intensity projection images and fluorescence images of tumors in living mice
injected with rSPNs via the tail vein. rSPNs with intense NIR absorption and fluorescence
made it possible to achieve fluorescence imaging and real-time PAI for protein sulfenic
acids in tumors.

Multimodal Pdots for fluorescence and MRI have also been developed.
Hashim et al. reported bifunctional Gd-Pdots prepared by semiconducting polymers,
amphiphilic phospholipids and gadolinium-containing lipids, and measured their fluo-
rescence quantum yield, extinction coefficient and MRI T1-weighted relaxation times in
water [66]. Figure 10C shows the photograph, IVIS image and IVIS processed image of
living mice injected with Gd-Pdots, the red fluorescence from Gd-Pdots and green fluo-
rescence from mice were distinguished from each other. The linear correlation between
relaxation rate values (R1) and gadolinium concentration of Gd-Pdots at 3T and 7T was
calculated and plotted in Figure 10D. The fluorescence and magnetic resonance properties
of Pdots indicated their potential utility for dual modal fluorescence imaging and MRI.

Additionally, Sun et al. reported small Pdot nanocomposites containing gold nanopar-
ticles to demonstrate the practicality of Pdot-Au nanoparticles for dual-modal imaging
involving fluorescence from Pdots and scattering from Au [67]. They used Au passivated
by hydrophobic molecules and semiconducting polymers in tetrahydrofuran to prepare
Au-NP-Pdots by nanoprecipitation. Au-NP-Pdots inside mammalian cells were imaged by
a fluorescence microscope equipped with dark field optics (Figure 10E). Au nanoparticles
were useful in long-term tracking and imaging in dark field mode since there was no
photobleach. However, the nanoscale cellular organelles strongly scattering light made it
difficult to distinguish from Au nanoparticles. In the presence of Pdots, the bright spots in
fluorescence mode had corresponding bright spots in dark field mode so that the Au-NP-
Pdots that generated both the fluorescence and scattering signals were differentiated from
other cellular features.

84



Biosensors 2023, 13, 137

 
Figure 10. Pdots for multimodal imaging. (A) PA images and fluorescence images (B) of tumor in
living mice injected with rSPNs though the tail vein. Reproduced from Ref. [65] with permission.
(C) The photograph (1), IVIS image (2) and IVIS processed image (3) of living mice after injection of Gd-
SPNs. (D) The linear correlation between relaxation rate values (R1) and gadolinium concentration
of Gd-SPNs. Reproduced from Ref. [66] with permission. (E) Dark field and fluorescence images of
Au-NP-Pdots inside mammalian cells. Reproduced from Ref. [67] with permission.

5. Conclusions and Outlooks

Pdots have become an important material for point-of-care testing and in vivo imag-
ing, which greatly assist the diagnosis and treatment of diseases. In this review, several
preparation methods are described to demonstrate ways to obtain Pdots with different
ranges of particle diameter. In addition, Pdots have excellent photophysical properties and
performance, including large absorption cross section, high quantum yield, good photo-
stability and low toxicity. Moreover, recent studies have reported different approaches to
further improve these properties. In addition to the size and performance, Pdots can be
adapted to special application aims and environments though several modification and
functionalization methods. All these methods mentioned in this review indicate that the
size, properties and function of Pdots can be tuned for practical applications, suggesting
greater utility compared to the traditional materials. For biosensing application, Pdots
biosensors based on FRET or electron transfer have been used for the detection of glucose,
phenylalanine, NAD and tumor markers, all of which have shown good assay results with
convenient, accurate and rapid characteristics. For in vivo bioimaging applications, Pdots
can be used as optical probes for fluorescence imaging or as contrast agents for NIR-II PAI,
which not only have deeper penetration depth, higher brightness, better resolution and
higher contrast efficiency, but also exhibit rapid metabolic capacity relevant for biosafety.
Such a large range of applications and outstanding results have proven the significance of
Pdots for point-of-care diagnostics and in vivo bioimaging.
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Considering the highly homogeneous product landscape, Pdots-based diagnostic
techniques have great potential in the sensing and imaging markets. However, Pdots for
disease diagnosis and treatment are mainly in the research stage, which still have some
distance from clinical application. In this period of rapid development in the materials
sector, relevant research on Pdots needs to constantly combine new techniques and explore
more applications. In our opinion, future work in this field mainly includes the following
aspects: (1) To develop a large-scale, eco-friendly and low-cost method for the prepara-
tion of Pdots. (2) Optimizing biofunctionalization strategies to obtain smart Pdots-based
probes with stimuli-responsive targeting. (3) Pdots with ultra-small particles (<10 nm)
and uniform particle size that are particularly suitable for the development of optical
transducers. Furthermore, for in vivo applications, the ultra-small-size Pdots can further
enhance biodistribution and rapid metabolism. The biological metabolism of nanoparticles
is currently the biggest problem limiting their clinical application. (4) The exploration of
NIR-II Pdots can improve the penetration depth of light in biological tissues. Although
NIR-II imaging and therapy have received considerable attention, biosensing applications
of the NIR-II window are largely unexplored. (5) Emerging hybrid nanocomposites com-
posed of organic and inorganic nanomaterials are expected to endow the nanosystems of
Pdots with complementary multimodal imaging modalities and synergistic therapeutics.
(6) Computational simulations can also help us design functionalized Pdots for specific
biomedical applications. With the rapid development of artificial intelligence, it will be
more effective to design rational Pdots for clinical translation.
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Abstract: Metal-organic frameworks (MOFs)-based optical nanoprobes for luminescence and surface-
enhanced Raman spectroscopy (SERS) applications have been receiving tremendous attention. Every
element in the MOF structure, including the metal nodes, the organic linkers, and the guest molecules,
can be used as a source to build single/multi-emission signals for the intended analytical purposes.
For SERS applications, the MOF can not only be used directly as a SERS substrate, but can also
improve the stability and reproducibility of the metal-based substrates. Additionally, the porosity
and large specific surface area give MOF a sieving effect and target molecule enrichment ability, both
of which are helpful for improving detection selectivity and sensitivity. This mini-review summarizes
the advances of MOF-based optical detection methods, including luminescence and SERS, and also
provides perspectives on future efforts.

Keywords: metal–organic frameworks; luminescence; surface-enhanced Raman spectroscopy;
multiplexed detection

1. Introduction

Nanomaterial-based optical methods are advantageous for measuring quantitatively
biomolecules of interest. With optical nanosensors, an extremely high photolumines-
cence intensity or enhancement effect in surface-enhanced Raman spectroscopy (SERS)
can be achieved, and diversified signals, including wavelength/wavenumber, intensity,
and excited-state lifetime, can be tuned to cater to specific applications. Most importantly,
multiple signals can be integrated in a single optical nanoprobe to readily achieve ratio-
metric, multiplexed, and multimodality measurements. These detection modes are highly
desirable for quantitative measurements in complex sample matrices [1,2].

Metal–organic frameworks (MOFs) are a kind of hybrid porous material consisting
of inorganic metal ion or cluster nodes, and linkers including organic ligands and metal–
organic complexes [3–7]. Due to the large specific surface area, the ultrahigh porosity,
the adjustable internal surface property, the extraordinarily diversified structure, and the
reasonable biocompatibility, MOFs are widely employed in storage and separation [8],
catalysis, [9,10] drug delivery [5,11–15], and biomedicine [12,16–18], as well as in chemical
sensors and biosensors [12,19–28]. In terms of optical measurements, MOFs are promising
optical sensing materials because emission centers of MOFs can be constructed by “multiple
photonic units” originating from inorganic metal ion or cluster nodes, linkers, or their
combination to exemplify the features of structural diversity through combining inorganic
and organic chemistry [29]. This unique property, together with tunable functional sites,
imparts MOFs with highly designable and diversified luminescence that can be used for
customized applications. On one hand, the “multiple photonic units” can be engineered
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or tailored with rational design to achieve the aforementioned diversified luminescence
signals, all of which can be used for applications with specific needs; on the other hand,
aside from attaching recognition entities for target-specific interaction, the functional sites
can also be used to provide auxiliary interaction with emission centers to further tailor
luminescence properties. Furthermore, taking the advantage of ultra-high porosity and
modifiable internal surface property to encapsulate luminescent guest molecules in the
porous structure, one more dimension of luminescence can be added to grant MOFs with
ratiometric, multiplexing, and multimodality measurement capabilities [30,31]. In addition
to luminescence, MOFs can serve as promising materials for SERS methods in which
MOFs either act as substrates for signal enhancement or form composite substrates by
encapsulating metallic nanomaterials. In addition to the above, the high surface area
and controllable pore size allow a high capacity for adsorbing and concentrating analytes
to achieve a low limit of detection (LOD) and a unique sieve effect, thus improving the
selectivity [6,32].

There are quite a few review articles on MOFs and their applications in the optical mea-
surement field [33–35]. This mini-review tries to highlight MOFs-based optical nanosensors,
particularly luminescence and SERS, for applications in analytical chemistry. First, the
application of MOFs in luminescence detection is summarized and discussed based on
the evolution from a single luminophore, including MOFs itself or the encapsulated guest,
to multiple signal sources for ratiometric and multimodality measurements. Second, the
application of MOFs in SERS measurements is summarized and discussed based on the
MOF itself as both a SERS substrate and a MOF-metal nanomaterial composite substrate.
Finally, perspectives on future efforts to develop MOF-based nanosensors for analytical
and bioanalytical applications are provided.

2. MOFs-Based Nanosensors for Luminescence Applications

Luminescence sensing has been recognized as an important tool in food safety detec-
tion, disease diagnosis, and environmental monitoring [36,37]. For these applications, it
is required that the method has sufficient sensitivity and selectivity towards the analyte
of interest. For analysis of targets in complex sample matrices, it is also desirable that the
sensor or nanosensor system can self-calibrate to provide reproducible and quantitative
results (Table 1).

Compared to conventional organic and inorganic luminophores, the luminescent
MOF materials have excellent host and sensing features that can meet the aforementioned
requirements for luminescence sensing [32,35,38]. The photoluminescence of MOFs may
originate from metal centers, linkers, or guest molecules. Each emission unit can be de-
signed and tuned for diversified application needs. Moreover, the integration of emissive
units into MOFs can be adopted for the purpose of developing multi-emissive probes
to realize self-calibrating measurements, multiplexed measurements, and multimodal-
ity measurements. The following discussion is based on the signal evolution in terms
of the single luminophore signal, the ratiometric signal, and the multimodality signals.
A perspective on multiplexed measurements for fluorescence applications will be discussed
in the Conclusions and Future Perspectives section.

2.1. Single Luminophore Signal

The luminescence of MOFs may originate from the metal nodes [39], organic linkers [6],
and guest molecules [40]. The luminescence may also originate from second building units
(SBUs), including metal clusters [30,41,42] and metal–organic complex linkers [6,43], which
are also used to build MOFs with extended porous networks and luminescence centers.
All of the above can be utilized as luminescent probes to indicate the presence and even
quantity of a tentative analyte [44]. The analyte can alter the luminescence of MOF sensors
through one of the following mechanisms: intermolecular charge transfer, ligand-to-metal
charge transfer (LMCT), photo-induced electron transfer (PET), Förster resonance energy
transfer (FRET), dynamic quenching, or static quenching [45,46].
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Lanthanide-based MOFs (Ln-MOFs), as metal node-based luminescence MOFs, present
distinctive luminescence properties originating from abundant f-orbital configurations, long
luminescence lifetimes, and “antenna effects” of linkers [47,48]. Qian and colleagues [39]
used H3TATAB (4,4′,4”-s-triazine-1,3,5-triyltri-p-aminobenzoic acid) as an organic linker
to synthesize a series of isomorphic Ln-MOFs. For example, TbTATAB exhibited good
stability in water and a high fluorescence quantum yield (77.48%). The large amount
of N atoms afforded it a high ligand-Hg2+ affinity, which was able to block the antenna
effect of the linker. As a result, the fluorescence of TbTATAB was quenched through either
a dynamic or a static mechanism. The TbTATAB-based sensor showed excellent stability,
reproducibility, and sensitivity, such that it could be practically employed to detect Hg2+ in
environmental samples.

In addition to the metal nodes, the organic linker is another source of luminescence of MOFs.
A luminescent MOF using aggregation-induced emission (AIE) molecules as an organic linker
can confine the intramolecular motions of the linker molecule to give a bright emission [49]. Tang
and colleagues [6] used an AIE linker, tetrakis(4-carboxyphenyl)ethylene (TCPE), to prepare
ZnMOF and CoMOF with an unique [M+–L–M−–L–M]∞ (M = metal clusters, L = linker)
configuration (Figure 1). During the sensing of HCl vapor, ZnMOF exhibited a blue-to-
yellow-greenish transition of fluorescence due to the adsorption, rather than coordination,
of HCl vapor. The adsorbed strong dipole HCl molecules were able to decrease the energy
of the lowest singlet excited state via dipole–dipole interaction, leading to a red-shifted and
weakened emission. For CoMOF, luminescence was quenched by cobalt ions. Introducing
histidine could cause the collapse of the CoMOF framework and subsequent aggregation
of TCPE to recover the blue emission of the TCPE aggregate.

 

Figure 1. HCl vapor sensing by ZnMOF. (a) Photographs of ZnMOF fumigated with HCl vapor
from 12% HCl solution. (b) Fumigation time dependence. (c) HCl solution concentration depen-
dence (fumigation time = 5 s) of solid-state fluorescence spectra of HCl-vapor fumigated ZnMOF.
(d) Emission peak and intensity responses to HCl vapor concentration. (e) Schematics showing the
solid-state fluorescence change of ZnMOF with adsorption and desorption of HCl vapor (the blue
dotted line for host–guest interaction, and the black solid line for coordination), and the energy
diagram of ZnMOF showing the influence of dipole–dipole interaction [6]. Copyright 2021, John
Wiley and Sons.

Guest encapsulation into MOFs offers advantages over traditional synthesis of lu-
minescent materials, such as easiness and cost effectiveness, as well as the possibility
of tuning the emission properties by selection of guest molecules. [50] To date, various
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luminescent molecules have been used as guests, including but not limited to Lanthanide
(Ln) ions [47], quantum dots (QDs) [51,52], carbon dots (CDs) [40], upconversion nanopar-
ticles (UCNPs) [3,11,16,53–59], noble metal nanoclusters [5,8,38,58,60–76], and organic
dyes [20,77–82]. Encapsulation can prevent the aggregation-caused quenching (ACQ)
of organic dyes and maintain the signal stability, the photostability, and the reasonable
shelf-life of the fluorescent nanoparticles [30,38,77]. Wang and colleagues [40] reported
a nanoscale complex based on CDs and MOFs (abbreviated as CDs@ZIF-8) for enhanced
chemical sensing of quercetin. Quercetin can form a complex with CD in CDs@ZIF-8 via
the electrostatic interaction between hydroxyl groups of quercetin and basic groups on
the surface of CDs; thus, the fluorescence of CDs@ZIF-8 was quenched. Moreover, ZIF-8
endowed CDs@ZIF-8 with a high binding affinity to quercetin by π-π staking, as well as by
improving the detection sensitivity and selectivity. The aforementioned characteristics of
CDs@ZIF-8 guaranteed a LOD of 3.5 nM and its suitability for practical application in real
samples for sensing of quercetin. In addition, Yan and colleagues [47] also used Ln ions as
guest molecules to decorate MOF through post-synthetic modification in order to detect
diphenyl phosphate in human urinary samples.

2.2. Ratiometric Signal

Although single emission-based luminescent materials have been widely used, they
suffer from inherent defects, such as signal fluctuations, variations of probe concentrations,
light scattering from the matrix, signal fluctuations due to the complex matrices and
sometimes sample pretreatments, etc. [30,77,79,83–86]. The ratiometric fluorescence sensing,
based on the intensity ratio of two or more well-resolved emission bands, has the self-
calibrating capability to eliminate the aforementioned problems, and, thus, to enable
more accurate measurements [80,84,87,88]. Due to the tunable multiple emission centers,
the large absorption cross sections, and the tailorable skeletons [78,80], MOFs have been
demonstrated to be a potential candidate for ratiometric sensing applications [78,79,83,84].
A ratiometric signal can be achieved between MOF and guest molecules [30,78–80,89],
between guest and guest molecules [77], and even by MOF itself [32,42,84].

The tailor-made skeletons of MOFs offer specific host–guest interaction sites for in-
tended recognition events. The guest molecules can be attached on the surface of MOFs
through covalent linking [78] and electrostatic adsorption [40], or being encapsulated
into the MOF channels [30,38,89]. Zhang and colleagues [78] synthesized nanoscale
MOF (NMOF) for ratiometric peroxynitrite (ONOO−) sensing based on FRET (Figure 2).
Poly(vinyl alcohol) (PVA) was used to attach the energy acceptor (ABt or BDP) on the
surface of the energy donor (MOF). With 340-nm excitation of the donor, the nanosensor
presented the emissions of the acceptors: 540 nm for ABt and 610 nm for BDP. The presence
of ONOO− disabled FRET by detaching the acceptor from the donor. The quantification of
ONOO− was realized based on the donor-to-acceptor intensity ratio. The fast response and
high selectivity made the nanosensor suitable for imaging of ONOO− in living cells.

Yin and colleagues [89] reported a turn-on ratiometric fluorescent sensor, Ru@MIL-
NH2, for water quantification. Ru(bpy)3

2+ was trapped in the channels of MIL-101(Al)-NH2
via a simple one-pot method. With the water content increasing from 0% to 100%, MIL-
NH2 emission at 465 nm was intensified while the Ru(bpy)3

2+ emission remained stable at
615 nm with 300 nm excitation. It was revealed that the protonation of the nitrogen atom of
the MIL-NH2, the π-conjugation system, and the stable fluorescence of Ru(bpy)3

2+ together
facilitated the sensitive ratiometric measurements. This turn-on ratiometric fluorescence
sensor showed low LOD (0.02%), fast response (less than 1 min), large dynamic range
(0−100%), and good sensor reusability. The turn-on response is much simpler and more
straightforward, and even more sensitive, than the quenching process [77].
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Figure 2. The sensing and cell imaging of ONOO- with NMOF-Dye FRET pair. (a) Schematics
of the sensing mechanism. (b) Fluorescence spectra of MA (1 mg L−1) as a function of ONOO−

concentration in PBS buffer (pH 7.4) for 30 min; (c) fluorescence spectra of MA (1 mg L−1) with the
addition of 1.00 mM ONOO− over time (0 to 20 min). (d,e) Fluorescence microscopic images of
HeLa cells for exogenous ONOO−. (d) The cells were stained with MA (10 mg L−1) for 1 h and then
washed with PBS before imaging; (e) the cells were pretreated as shown in (d) and then treated with
SIN-1(1 mM) for 30 min. Scale bar: 25 mm [78]. Copyright 2017, Royal Society Chemistry.

A ratiometric signal can be achieved from the guest molecules and metal nodes of
MOFs. Chen and colleagues [80] developed a MOF for real-time ratiometric fluorescent
monitoring of food freshness by covalently coupling fluorescein 5-isothiocyanate (5-FITC)
with NH2-rich EuMOF in a post-synthetic modification manner. Histamine, a biogenic
amine produced by spoiled food, increased the emission of FITC at 525 nm and decreased
the emission of Eu3+ at 611 nm. By doping the EuMOF-FITC probe on a flexible substrate
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(glass fiber), the complex was able to be integrated with a smartphone-based portable
platform for on-site visual inspection of the freshness of raw fish samples.

MOFs with multi-emission centers are able to provide the ratiometric signal them-
selves. The metal-to-ligand and metal-to-metal energy transfers empower diversified
luminescence responses. Shi and colleagues [32] synthesized a luminescent Eu-ZnMOF-
n by a structure engineering strategy, rendering the material enhanced slope sensitivity
within the “optimized useful detection window” (Figure 3). Therefore, this biosensor
enabled the discrimination of small concentration variations of urinary vanillylmandelic
acid (VMA), an early pathological signature of pheochromocytoma. Upon the addition
of VMA, emissions from organic linker at 433 nm became conspicuous with 330-nm ex-
citation, while emissions from Eu3+ at 615 nm decreased. The organic linker emission
change was attributed to the formation of an exciplex between the linker and VMA, which
held a lower-lying excited-state energy level; the emission change in Eu3+ was due to the
static quenching by VMA. This structure engineering strategy provided a facile approach
to detect the biomarker change within a small concentration range, making the biosensor
more suitable for clinical applications.

 

Figure 3. Ratiometric luminescence sensing of VMA by Eu-ZnMOF-n. (a,b) The widening of the
excitation peak of Eu-ZnMOF-n, monitored at both 433 and 615 nm emissions with incremental
addition of VMA. (c) The structure–property relationship of the probe’s surface area to its dynamic
range and sensitivity. (d) Color-coded digital array of Eu-ZnMOF-n probe after treatment with
increased VMA concentrations under irradiation with a UV lamp (λex = 254 nm). [32] Copyright 2020,
John Wiley and Sons.

The similar atomic radii and chemical properties of Ln ions make it feasible to prepare
multi-emissive Ln-MOFs [87,90]. Previous studies have shown that a Tb-to-Eu energy trans-
fer can occur [91]; therefore, the Tb/Eu mixed-Ln MOF can serve as the ratiometric sensor.
Chen and colleagues [84] developed a mixed Ln-MOF luminescence thermometer using
2,5-dimethoxy-1,4-benzenedicarboxylate (DMBDC) as the linker. The Tb-to-Eu luminescent
intensity ratio in Tb-DMBDC and Eu-DMBDC decreased as the temperature increased
due to the thermal activation of non-radiative decay pathways. In the mixed-Ln-MOF,
Eu0.0069Tb0.9931-DMBDC, the increment of temperature led to a decrease in Tb emissions
and an increase in Eu emissions, thus forming a ratiometric fluorescence nanothermome-
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ter that presented a wide temperature dynamic range. The unique phenomenon can be
attributed not only to the efficient antenna effect between DMBDC and Ln ions, but also to
the Tb-to-Eu energy transfer.

Some non-luminescent MOFs, such as ZIF-8, can serve as host matrices to encapsulate
guest organic dyes for ratiometric sensing. The confinement and isolation of the organic
dyes can effectively inhibit the intramolecular torsional motion and increase the conforma-
tional rigidity to produce a high quantum yield [92]. Qian and colleagues [77] reported a lu-
minescent nanothermometer by encapsulating luminescent dyes, 4-methylumbelliferone
(4-Mu), and fluorescein (Flu) in the pores of ZIF-8. The developed nanothermometer can re-
sponse to temperature changes based on the Flu-to-4-MU emission ratio (IFlu/I4-MU) as well
as the emission peak wavelength of 4-MU. These two kinds of readouts can self-calibrate to
ensure the accuracy of the detection. Furthermore, the nanosized property of ZIF-8 and the
excellent luminescence properties of dyes impart the sensor with a large dynamic range
and a high spatial resolution, which are important for temperature mapping [93].

In addition to fluorescence, phosphorescence can also be tuned by rationally designing
the structure of metal nodes or organic linkers of MOFs [42,79]. MOFs can integrate both
fluorescence and phosphorescence in one nanosensor. For example, the emission and
lifetime of phosphorescence, but not fluorescence, are easily quenched by triplet oxygen,
which can be utilized as a ratiometric signal based on the fluorescence-to-phosphorescence
ratio. Lin and colleagues [79] designed the mixed-linker nanoscale UiO MOF and decorated
the structure with Rhodamine-B isothiocyanate (RITC) to form R-UiO MOF for ratiometric
sensing of intracellular O2 (Figure 4). In the nanostructure, the phosphorescent Pt-5,15-di(p-
benzoato)porphyrin (DBP-Pt) linker acted as an O2-sensitive probe, and the O2-insensitive
fluorescent RITC served as a reference. With 514-nm laser excitation, emissions at 630 nm
from DBP-Pt and 570 nm from RITC were observed. With the increase of O2 pressure, the
DBP-Pt phosphorescence decreased significantly while the RITC fluorescence remained
unchanged. The intracellular O2 of CT26 cells at 4, 32, and 160 mmHg was detected based
on ratiometric signals using confocal laser scanning microscopy.

Zang and colleagues [42] reported a fluorescence–phosphorescence dual-emissive oxy-
gen sensing MOF: ([Ag12(SBut)8(CF3COO)4(bpy-NH2)4]n (abbreviated as Ag12bpy-NH2)),
based on silver–chalcogenolate-cluster and bipyridine (bpy) linkers. The introduction of
the amino group enhanced the spin–orbit coupling and increased the intersystem crossing
efficiency to boost triplet excitons and prolong the lifetime of phosphorescence at 556 nm in
vacuum. As a result, oxygen molecules quenched the phosphorescence at 556 nm, while the
fluorescence emission at 456 nm remained nearly invariant. This ratiometric quantification
manner ensured a LOD as low as 0.1 ppm. The introduction of other substitutional groups,
such as methyl or F− groups, extended the dynamic range of the ratiometric sensing. There-
fore, tailoring the linker was deemed to be a powerful method for modulating luminescent
sensing functionality.

Zhou and colleagues [94] used Prussian Blue (PB) and UCNPs to develop a nanoprobe
(UC-PB) for the purpose of detecting and eliminating H2S with a linear range of 0–150 μM
and an LOD of 50 nM. The Er-doped UCNP, NaLuF4:Yb,Er,Tm@NaLuF4, presented multi-
ple emission peaks at 550 nm, 650 nm, and 800 nm, which were quenched by adding the PB
shell. H2S triggered the decomposition of the PB shells to recover the strong upconversion
luminescence (UCL) signal and the near infrared-to-green (N/G) ratio due to the coop-
eration of both redox and combination reactions. With the help of DL-propargylglycine
(DL-PAG), the UC-PB was able to realize the in vivo near-infrared region ratiometric imag-
ing, eliminate and inhibit the production of H2S, which is meaningful for clinical acute
pancreatitis treatment.
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Figure 4. Oxygen sensing based on the phosphorescence-to-fluorescence ratio of R-UiO-1.
(a) Emission spectra (λex = 514 nm) and (b) phosphorescent decays (λex = 405 nm) of R-UiO-
1 in HBSS buffer under varied oxygen partial pressures. Ratiometric luminescence imaging
(λex = 514 nm) of CT26 cells after incubation with R-UiO-2 under (c) hypoxia, (d) normoxia, and
(e) aerated conditions. Scale bar: 10 μm. (f) Schematics of fluorescence (Fl)–phosphorescence (Ph)
dual emission centers, with Ph center quenched (Qu) in response to oxygen [79]. Copyright 2016,
American Chemical Society.

2.3. Multi-Modal Signal

Fluorescence imaging (FLI), magnetic resonance imaging (MRI), and photoacoustic
imaging (PAI) are widely used molecular imaging technologies which can realize non-
invasive disease diagnosis and real-time in vivo lesion imaging [95,96]. Compared to
single-modality imaging, which has the limitation of low penetration depth and low spatial
resolution, multi-modality imaging integrates two or more modalities into one nanocom-
plex. Thus, it can provide more efficient and comprehensive information, which is desirable
in the biomedical field [97].

Kuang and colleagues [53] developed an ultrasensitive and selective method for H2O2
detection based on a UCNP@ZIF-8/NiSx chiral complex. The NiSx moiety is a chiral
nanoparticle with circular dichroism (CD) signals at 440 and 530 nm. The presence of
the NiSx can quench the UCL signal of the UCNPs core at 540 nm, with the UCL signal
at 660 nm remaining unchanged. The introduction of H2O2 caused NiSx to degrade,
accompanied by the recovery of the UCL signal and the disappearance of the CD signal.
This dual-mode signal of CD and fluorescence changes opens a new avenue for developing
a toolbox for biomedical and biological analyses.
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Yin and colleagues [98] reported a MnO2-coated, hollow mixed metal (Mn/Cu/Zn)
MOF that could allow the photosensitizer, indocyanine green (ICG), to have a high loading
efficiency. The coexistence of Cu+ and Cu2+ in the MOF, as verified by X-ray photoelectron
spectroscopy, endows the complex with a glutathione-responsive “turn on” MRI ability.
With the laser irradiation, the ICG can serve not only as the fluorescence and photothermal
imaging agent, but also as the photodynamic therapy (PDT) agent. Therefore, this hollow
MOF was used as a trimodality imaging-guided tumor therapy agent to highlight the
efficiency of mixed-metal and mixed-valence strategies in tumor theranostic capacities.

For small functional molecule encapsulation, the risk of leakage and burst release is
always a challenge [99]. To solve the aforementioned problem, Yang and colleagues [100]
used the one-pot approach to prepare a Fe-based MOF (MIL-53) with defect structure
due to the introduction of near-infrared dye (cypate). Further decoration of PEG and
transferrin on the surface of nanoparticles (denoted as CMNP-Tf) was able to accelerate
the passive and active targeting to the tumor region. The presence of cypate endowed the
nanoparticles with excellent PAI and near-infrared fluorescence (NIRF) imaging properties,
as well as reactive oxygen species (ROS) generation and photothermal therapy abilities.
Furthermore, Fe also possesses a T1-weighted MRI contrast property. Therefore, the
CMNP-Tf can realize the NIRF-, PAI-, and MRI-guided tumor targeting imaging-guided
photothermal/photodynamic performance.

Table 1. Summary of MOF based fluorescence applications.

MOF
Synthesis
Method

Luminescence
Center

λex/em (nm) Target Molecules LOD Ref.

ZnMOF solvothermal
TCPE

HCl vapor 2.63 ppm [6]CoMOF histidine 2 × 10−6 M

Eu-ZnMOF solvothermal Eu & BPDC 330/433 & 615 vanillylmandelic
acid [32]

TbTATAB solvothermal Tb & linker Hg2+ 4.4 nM [39]

CDs@ZIF-8
one-pot room
temperature

crystal growth
CD 365/480 quercetin 3.5 nM [40]

Ag12bpy-NH2 bpy-NH2 370 O2 11.4 mPa [42]
Tb(III)@Cd-MOF solvothermal Tb3+ 325/544 diphenyl phosphate 0.022 mg/mL [47]

MIL-101(Cr) hydrothermal Cy3 525/570 tetrodotoxin 0.006 ng/mL [60]

ZIF-8⊃4-MU & Flu solvothermal 4-MU & Flu 360/380–450 &
500–570 temperature [77]

Zr-MOF Suzuki coupling Zr-MOF-ABt
Zr-MOF-BDP

340/403 & 530 peroxynitrite [78]340/403 & 610
R-UiO Suzuki coupling DBP-Pt/RITC 514/570 & 630 O2 [79]

EuMOF-FITC hydrothermal Eu3+ & FITC 380/525 & 611 biogenic amine 1.11 mg/L [80]

Eu3+/Tb3+ MOFs solvothermal Eu & Tb 280/547 & 491,
616 & 592 Fe3+ 3.86 μM [83]

Eu0.0069Tb0.9931-DMBDC solvothermal Eu & Tb 355/613 & 545 temperature [84]
Ru@MIL-101(Al)-NH2 one-pot Ru & linker 300/465 & 615 water 0.02% v/v [89]

UC-PB
ligand-exchange
and controllable

complexation
UCNP 980/540 & 654 H2S 50 nM [94]

ZnMOF solvothermal Linker 370

Fe3+ 28 μM [101]
Pb2+ 600 μM

Cr2O7
2− 43 μM

CrO4
2− 45 μM

CdMOF Fe3+; Pb2+; Cr2O7
2−;

CrO4
2−

57 μM; 370 μM;
71 μM; 31 μM

ZJU-168(Tb or Eu) solvothermal
Tb &linker 340/430 & 544

Glutamic acid
3.6 μM [102]Eu & linker 340/430 & 614 4.3 μM

F-UiO solvothermal FITC 488 & 435/520 pH [103]

BSA + KFP@ZIF-8/HP
+primer + MB

one-pot room
temperature

crystal growth
Cy5 survivin mRNA 2.3 pM [104]
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3. MOFs-Based Nanosensors in SERS Applications

Surface-enhanced Raman spectroscopy is a hypersensitive technique that enhances
Raman scattering of the analyte in proximity to a nanostructured substrate via electromag-
netic or chemical enhancement [4,105]. It can provide structural fingerprint information
on the low-concentration analyte in real time [106,107]. Owing to its high sensitivity and
high selectivity, SERS has a breadth of applications in pharmaceutical and environmental
analysis [69,108], food science [109], life sciences [5], clinical diagnosis [64,69], and other
fields [106]. However, for metal substrates, problems remain regarding the application of
real-world sample detection. To name a few, the selective adsorption of analytes onto the
metal substrate is required to assure better sensitivity and specificity [110]; the binding
strength between the analyte and plasmonic surfaces needs to be improved to facilitate
better chemical enhancement; and the stability and reproducibility of metal substrates need
to be improved to assure the robustness of the analytical methods [105].

As a new class of porous polymeric materials, MOFs present ultra-high porosity, a large
surface area, and designable binding sites for multiple functionalization, which provide
concentrating effects and multiple selectivity for the analytes [22,23,63]. In addition to
directly serving as the SERS substrate, the MOF-metal composite SERS substrate can further
improve both the sensitivity and the selectivity of the analytical measurements; in such
a way, the stability and uniformity of the enhancement substrate can be improved [32,75].
Therefore, MOF materials have found increasing applications in SERS measurements
(Scheme 1, Table 2).

 
Scheme 1. Applications of MOF-based surface-enhanced Raman spectroscopy (SERS).

Table 2. Summary of MOF and MOF-plasmonic system-based SERS applications.

SERS Substrate Target Molecules
Enhancement
Mechanism

LOD Ref

UiO-67 2,4,6-Trinitrophenol (TNP) CM a [23]
Au/MOF-199 acetamiprid EM b & CM 10−8 M [42]

Au@MIL-101 (Cr) tetrodotoxin EM & CM 0.008 ng/mL [60]
GSPs@ZIF-8 aldehyde VOCs EM & CM 10−9 M [64]

Ag@MIL-101 (Cr) nitrofurantion
EM & CM

10−7 M [65]
APTES@ZIF-67 benzaldehyde 10−2 M [65]

ZIF-8 methyl orange 10−4 M [65]
Au-L/D-AlaZnCl pseudoephedrine EM & CM 10−12 M [72]

Cu2O@SiO2@ZIF-8@Ag phenol red EM & CM 10−12 M [73]
Au/MOF-74 4-nitrothiophenol EM & CM 69 nmol·L−1 [74]
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Table 2. Cont.

SERS Substrate Target Molecules
Enhancement
Mechanism

LOD Ref

Au@ZIF-8 4-nitrobenzenethiol EM & CM 0.1 nM [75]
Ag@MIL-101 (Fe) dopamine EM & CM 0.32 p M [76]

Au/MIL-101 rhodamine 6G; benzadine EM & CM 41.75 fmol; 0.54 fmol [110]
Mo-MOF crystal violet CM 10−6 M [111]

MIL-100 (Fe)

toluene

CM

2.5 ppm [112]
acetone 20 ppm

chloroform 20 ppm
isopropanol 100 ppm

4-ethylbenzaldehyde 26 ppm
MIL-100 (Fe-Zr) isopropanol 50 ppm [112]

Au@MIL-101 (Fe) toluene EM & CM 0.48 ppb [112]
Au@NU-901 4′-mercaptobiphenylcarbonitrile EM & CM [113]

a: Chemical enhancement; b: electromagnetic enhancement.

3.1. SERS Substrates

To date, many MOFs have been directly used as SERS substrates; examples include
ZIF-67, ZIF-8, Mo-MOF, MIL-100(Fe), etc. [91,112,114]. The enhancement by MOF can be
attributed to chemical enhancement (CM) [63,105], which has been proposed as the primary
enhancement mechanism for plasmon-free substrates such as MOF, semiconductors, and
other metal oxides (Cu2O [73], WO3 [115], TiO2 [116], VO2 [117–119]), etc. Particularly,
charge transfer transitions may be major contributors to SERS [120]. The charge transfers
between the highest occupied molecular orbital (HOMO) of the analyte and the conduction
band (CB) edge of the substrate material, or between the valence band (VB) of the substrate
material and the lowest unoccupied molecular orbital (LUMO) of the molecules, are crucial
for the enhancement effects. Other than the resonance Raman enhancement due to elec-
tronic transition between HOMO and LUMO, the electronic transition between VB and CB
of the substrate material can also contribute to the enhancement of the Raman signal due
to the resonance process [121–123].

The first MOF-enhanced Raman spectroscopic study was conducted by Tsung-Han
Yu et al. [121] using methyl orange (MO) adsorbed in MIL-100 and MIL-101 as the model
system. The study suggested that the Raman intensity enhancement was due to the charge
transfer between the metal oxide clusters in MOFs and the adsorbed MO molecules. The
study also suggested that the SERS effect was also orientation-dependent, which is in
agreement with the basic understanding of Raman spectroscopy.

MIL-100(Fe) has been demonstrated, for the first time, by Li and colleagues to act
as a SERS-active substrate to detect volatile organic compounds (VOCs) that usually
possess low Raman cross-sections [112], and a LOD of 2.5 ppm was achieved for toluene.
Based on special adsorption energy and density functional theory (DFT) calculations, the
charge transfer enhancement mechanism was suggested for high SERS activity. Selective
enhancement was attributed to resonance between laser energy and the photo-induced
charge transfer energy, as well as the different dispersive energy between the ligand of the
MOFs and the analyte (Figure 5). Through the ion exchange strategy, the MIL-100(Fe-Zr)
complex improved LOD for isopropanol (50 ppm) compared to the pristine MIL-100(Fe)
(100 ppm). This MIL-100(Fe)-based sensing platform was successfully used to monitor
gaseous indicators, including 4-ethylbenzaldehyde, acetone, and isopropanol, for early
diagnosis of lung cancer.
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Figure 5. SERS of gaseous small molecules by MIL-100 (Fe). (a) Energy-level diagrams of toluene,
acetone, and chloroform relative to MIL-100 (Fe) with respect to the vacuum level. (b) Adsorption
affinity and binding energy of toluene, acetone, and chloroform on MIL-100(Fe). (c) SERS spectra
of toluene, acetone, and chloroform vapor, respectively, on MIL-100(Fe), with concentrations as
indicated [112]. Copyright 2020, John Wiley and Sons.

MOFs have a high degree of tailorability, with the ability to choose nodes and linkers
as well as to tune the framework topologies. Consequently, the electronic energy band
structure can be tuned to match the molecular orbital energy level of the analyte in order to
facilitate controllable combinations of several resonances, such as the charge transfer, inter-
band, and molecule resonances, in addition to the ground-state charge transfer interactions;
thus, a significantly enhanced Raman signal can be achieved. Encouragingly, based on
the pore-structure optimization and surface modification strategy, Zhao and colleagues
synthesized a series of MOFs by using metal clusters M2(COO)4 (M = Zn, Co, and Cu) as
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the nodes and Tetrakis(4-carboxyphenyl)porphyrin (TCPP) or 2-methylimidazole as the
linker (Figure 6) [114]. The electronic band structure of the MOFs can be tuned to match
that of the target analyte, such that the enhancement factor (EF) of ZIF-67 can reach as high
as 1.9 × 106 with the LOD as low as 10−8 M. The high flexibility of the MOF structure can
provide high levels of variety for SERS applications.

 

Figure 6. Structure and SERS effect of M-TCPP MOF. (a) Illustration of the process of synthesizing
the M-TCPP (M = Zn, Co, and Cu) MOFs. (b,c) SEM images of the Cu-TCPP MOFs and Zn-TCPP
MOFs. (d) PXRD patterns of the Co-TCPP MOFs, Zn-TCPP MOFs, and Cu-TCPP MOFs. (e) SERS
spectra of R6G (10−4 M) on the Co-TCPP, Zn-TCPP, and Cu-TCPP substrates. (f) SERS spectra of R6G
on the Co-TCPP substrate at three different concentrations: 10−4, 10−5, and 10−6 M [114]. Copyright
2019, American Chemical Society.

Using MOFs as the SERS-active substrate can realize selective enhancement of the
target molecule for the Raman signal. However, precise tuning of the band energy is
required to facilitate resonance with laser energy and charge transfer energies, which
makes it difficult to realize SERS for a breadth of molecules of interest using one MOF
substrate. Furthermore, there is still room to improve the sensitivity which can be achieved
by the combination of MOFs with plasmonic substrates.

Electromagnetic enhancement (EM) is a physical enhancement process attributed to
the localized surface plasmon resonance (LSPR) of the noble metal [4]. When the laser
impinges on the metal nanostructure, e.g., a metal nanoparticle, the electromagnetic wave
causes the collective oscillation of the delocalized conduction electrons. LSPR occurs when
the frequency of the light matches with the oscillation frequency. The coupling of incident
light with the metal nanostructures results in a huge enhancement of the local electromagnetic
field, which is the major mechanism accounting for SERS. The combination of MOF with
noble metal SERS substrates may be able to realize the synergetic enhancement by integrating
CM and EM into one system, thus achieving maximum sensitivity [23,63]. Furthermore,
such a MOF-SERS combination may be but one solution for problems associated with
metal substrates, such as the low concentration and high mobility of the analyte at the
enhancement spot, complicated matrix interferences, and modest substrate stability [63,124].
Specifically, the adjustable pore size of MOFs enables them to serve as molecular sieves to
filter the analyte based on molecular size [71,75,104]; MOFs’ shells can protect the metal
substrates from oxidation and reactive species in the complex matrix, thus improving the
stability [125].

MOFs coatings have the advantage of controlling the hotspot distribution to improve
the SERS performance [71–73]. In the SERS technique, the Raman signal can be significantly
enhanced only when the analyte is confined to the proximal distance to the plasmonic
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surface (<3–5 nm), because enhancement depends on the exponential decay of the plas-
monic field at the metal–medium interface [63]. In the work by Wang and colleagues, gold
superparticles (GSPs) were used to provide high-density hotspots, and the coating of ZIF-8
over GSPs provided a further enhanced SERS effect [64] (Figure 7). The finite-difference
time-domain (FDTD) calculation revealed that the MOF coating was able to enhance the
intensity of the electromagnetic field around the metal surface, and the high dielectric
constant of MOF prevents the decay of the electromagnetic field along the radial direction.
Consequently, a very intense SERS effect was observed [64,75].

 

Figure 7. GSPs@ZIF-8 and the mechanism for selective SERS detection. (a) Hotspots in GSPs (left)
and GSPs@ZIF-8 (right) around the edges of the plasmon. (b) SERS spectra of 4-ATP on GSPs
(black) and GSPs@ZIF-8 (red), with the inset showing the relative intensity of the Raman spectra.
(c) An illustration of the principle for achieving the selectivity. (d) The maximum diameter of four
main analytes that were allowed to pass through the pores of ZIF-8. (e) The reaction used to capture
aldehyde vapors via covalent linkage to the GSPs [64]. Copyright 2018, John Wiley and Sons.

The synergistic SERS effect was achieved by Wang and colleagues, via site-selective
deposition of ZIF-8 on gold nanobipyramids (Au NBPs) [71]. Deposition of ZIF-8 was
observed around the distal end, waist, or the surface of the Au NBPs (Figure 8). When ZIF-8
was located at the distal ends (Au BNPs@end-ZIF 8), the largest electric field enhancement
was achieved, and the Raman signals on Au BNPs@end-ZIF 8 were at least twice those
on the Au NBPs. Li and colleagues used ZIF-8-coated cuprous oxide/silica core–shell
nanostructure (Cu2O@SiO2@ZIF-8) as a template to precisely control the growth of Ag NPs
of varying sizes (2–29 nm) [73]. The results reflected that when the size of the Ag NPs
matched well with the pores of Cu2O@SiO2@ZIF-8, the strongest electromagnetic field was
generated. The Cu2O@SiO2@ZIF-8 provided abundant and uniformly distributed hotspots,
thus resulting in an LOD of 5.76 × 10−12 mol·L−1 and a limit of quantification (LOQ) of
1.92 × 10−12 mol·L−1, respectively, in the detection of phenol red.
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Figure 8. SERS of NBP@ZIF. (a) Schematics showing the routes for selective deposition of ZIF-8 on
the Au NBPs and SERS detection. (b) SERS spectra measured with the ZIF-8 nanocrystals, Au NBPs,
NBP/end-ZIF, NBP/waist-ZIF, and NBP@ZIF nanostructures for the detection of aniline and 4-ATP,
respectively [71]. Copyright 2021, American Chemical Society.

3.2. Other Effects of MOFs for Improving Selectivity and Sensitivity

Owing to the large specific surface area [20], uniform porosity [54], structural adaptabil-
ity and flexibility [73,114], and ease of functionalization [63], MOFs as shells can enhance
the selectivity and specificity of SERS substrates through physical adsorption and chemical
recognition [72,110]. The introduction of additional functional layers, such as aptamers and
antibodies, can ensure selective adsorption through multiple molecular interactions [23]. In
addition, other factors, such as the thickness of MOFs, the nature of the metal species, and
the functional groups afforded by the organic linkers [23,126], can also affect the selectivity.

The MOF shell over the plasmonic SERS substrate can serve as a sieve to allow only
the target of interest to diffuse to hotspots, as well as to facilitate an efficient reaction
with the Raman label by prolonging the contact time. VOCs are important biomarkers for
early diagnoses of diseases [127], but the low concentration and high mobility of gaseous
molecules result in insufficient collisions between gas molecules and SERS substrates,
significantly compromising the detection sensitivity [128]. Wang and colleagues [64] used
a GSPs@ZIF-8 SERS substrate to selectively detect aldehydes, a lung cancer biomarker in
patients’ exhalation. The detection of gaseous aldehydes is currently limited by its small
Raman cross section and poor adsorptivity on SERS substrates. The ZIF-8 shell allows
the small vapor-phase aromatic compounds such as benzaldehyde, glutaricdiadehyde,
and 4-ethylbenzaldehyde, but not 2-naphthaldehyde, to diffuse into the channel due to
the sieving effect (Figure 7c–e). The prolonged contact time between gaseous molecules
and the GSPs hotspots can facilitate the reaction of the analyte with the Raman-active
probe molecule p-aminothiophenol (4-ATP) through the Schiff base reaction to generate
a distinguished Raman signal. Apart from the physical adsorption, the MOFs can also
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selectively adsorb analytes through chemical recognition. Yusuke and colleagues [72]
prepared hierarchical mesoporous Au films coated with homochiral MOF, which were able
to realize ultrasensitive and enantioselective sensing of pseudoephedrine (PE) in complex
bio-samples. The chiral ligands (a kind of alanine derivative) were used to endow the MOF
with the homochiral property to distinguish (+)-PE. For analysis of PE in blood serum, the
matrix effect was reduced by taking the advantage of the pore size limit to prevent large
molecules from entering the MOF shell. This smart SERS substrate enabled an extremely
low detection limit (10−12 M) in the complex biomatrix without preliminary separation.

In reality, the size of most of the biomarkers does not match that of the MOF chan-
nel. Efforts have been made to detect the metabolites as an indicator of the amount of
biomarkers. By using an in situ reduction strategy, Zhou and colleagues [69] constructed
a AuNPs@MIL-101@GOx (or AuNPs@MIL-101@LOx) nanoplatform for the detection of
glucose/lactate, which are important neurochemicals associated with many physiological
and pathological brain functions, such as ischemia, learning, and memory. The Raman-
inactive reporter leucomalachite green (LMG) was oxidized into the active malachite green
(MG) through a cascade of catalytic processes, and the signal intensity was used to indicate
the amount of glucose/lactate. This nanoplatform has also been used to evaluate the
therapeutic effects of astaxanthin for the purpose of alleviating cerebral ischemic injuries.

The metal-MOF-based SERS substrates have also been used in drug delivery and
bioimaging due to the high surface area and porosity, excellent biocompatibility, and
stability of MOFs [5]. The exposed active sites on the surface of the MOFs can be used
for functionalization with recognition units, and the large specific surface area provides
sufficient accessible binding sites for target molecules [80]. For example, the carboxyl group
on the surface of the Au@Cu3(BTC)2 nanoparticles was used for functionalization with
the aptamers [5]. In another example, the ZIF-8 shell on the Au@Ag surface was used to
conjugate with IgG antibodies and recombinant nanobodies [70], based on the high affinity
of polyhistidine toward transition metal ions [129]. The Au@Ag@ZIF-8 substrate was used
to detect CD44 and EGFR biomarkers in mixed cell cultures, indicating the potential of the
nanoprobes for SERS imaging and multiplexed bio-detection.

Farha and colleagues [113] reported the controlled encapsulation of gold nanorods
(AuNRs) with a scu-topology Zr-MOF (NU-901) via the room-temperature assembly of
MOF on AuNRs seeds. After incubating AuNR@NU-901 with a mixture of thiolated
polystyrene (PST-SH; Mw = 5000 g/mol) and 4′-mercaptobiphenylcarbonitrile (BPTCN)
molecules (roughly 15 × 7 Å along the thiol−CN axis and phenyl axis), the resulting
spectrum closely matched with that of BPTCN alone. This result demonstrated that the
prepared AuNR@MOFs were able to take-up molecules with suitable sizes and block
large molecules from the pores, thus facilitating highly selective SERS detection at the
AuNR ends.

3.3. Enhancement of the Stability, Homogeneity, and Reproducibility of SERS Substrates

The instability and reproducibility of the plasmonic nanoparticles under harsh envi-
ronment represent inherent challenges in SERS detection [4,63,65,72]; therefore, a protective
layer is necessary. Due to their excellent chemical and thermal stability [130], as well as
their mechanical robustness [131], MOFs are an ideal candidate to act as a stabilizing layer.
For example, Liang and colleagues [65] prepared a dense MIL-101(Cr) film on the rough
titanium oxide foil via a secondary growth method, and then the Ag+ was reduced to
Ag on the surface of the film to form the Ag@MIL-101(Cr) film SERS substrate. In such
a way, the excellent SERS effect and the high reproducibility of the SERS substrate were
achieved to realize the detection of nitrofurantoin (down to 10−7 M) without any complex
subsequent procedures. Li and colleagues reported a highly sensitive and continuously
stable 3D substrate (Cu2O@SiO2@ZIF-8@Ag) for SERS detection of phenol red with a LOD
of 5.76 × 10−12 mol·L−1 and LOQ of 1.92 × 10−12 mol·L−1, and a high enhancement factor
of 1.7 × 107 was achieved even after 35 days [73].
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The sensitivity and quantification performance of the SERS technique often contradict
one another due to the modest reproducibility of the SERS substrate. Yang and colleagues
constructed an integrated SERS platform with analyte enrichment and analyte filtration
functions (referred to as AEF-SERS) to simultaneously achieve a good quantification per-
formance and ultra-high sensitivity (Figure 9) [75]. In their work, single Au NRs were
separated from each other through the coating of a thick ZIF-8 shell to form a AuNR@ZIF-8
submicroscale truncated rhombic dodecahedron (TRD); thus, a homogeneous SERS sub-
strate was produced to improve the reproducibility of the detection. The separation of Au
NRs may reduce the number of hotspots, thus compromising the sensitivity. However, the
authors were still able to successfully realize a highly sensitive detection by constructing
a polydimethylsiloxane (PDMS) brush surface that was capable of shrinking the analyte
dispersion area by a million-fold in order to enrich the analyte.

 

Figure 9. (a) Schematic illustration of the working principle of the AEF-SERS platform, showing
application of the test solution (I), the enrichment and sieving effect (II), and the formation of analyte-
SERS substrate aggregates (III) for selective and sensitive quantification of the analyte. (b) SERS
spectra of 4-NBT at different concentrations using AuNR@ZIF-8 TRDs on the PDMS brush surface.
(c) The calibration curve of 4-NBT at 1329 cm−1. (d) SERS mapping of 10 nM 4-NBT at 1329 cm−1

using AuNR@ZIF-8 TRDs. (e) Intensity variations at 1329 cm−1 from randomly chosen 40 SERS
spectra using AuNR@ZIF-8 TRDs [75]. Copyright 2020, American Chemical Society.

The integration of noble metals and MOFs can speed up the development of the
SERS technique. The high sensitivity can be partially explained by pre-concentration of
the analyte through physical adsorption and chemical recognition. Aptamers, antibodies,
and other recognition units can be easily used to modify MOFs in order to increase the
molecular recognition specificity. In addition, when used in complex environment such
as the biomatrix, the MOF shells provide a physical defense to improve the stability and
reproducibility of the substrates, as well as to reduce the nonspecific adsorption and, thus,
improving the detection sensitivity.
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4. Conclusions and Future Perspectives

Applications of MOFs in the analytical and bioanalytical fields have experienced rapid
growth due to their unique structural features. This mini-review summarized the advances
of MOF-based optical detection methods, including luminescence and SERS, from the
following aspects: the development of MOF-based luminophores, including the single
luminophore signal, ratiometric signal and multi-modality signals; and the SERS effect of
including MOFs as enhancement substrates and as auxiliary moieties for target molecule
concentration, selective separation, and SERS substrate homogeneity for the purpose of
improving the method’s robustness.

Compared to detection based on single parameter, the multiplexed detection with
which multiple target or parameter detection is achieved in one sample volume can be more
informational and can help to draw solid conclusions in the analysis of biological samples.
Optical-based analytical methods have been used in the field of multiplexed detection
due to their non-invasiveness, excellent spatiotemporal resolution, and, most importantly,
their multiple coding elements, including intensity, wavelength, lifetime, location, and
combinations of the above. Luminescent MOFs should be developed as an excellent type of
multiplexing probe, because the broad choice of guest molecules and the structural diversity
of MOFs provide diversified coding elements. However, the multiplexing capability of
photoluminescent MOFs has been less frequently studied, if at all. Therefore, more efforts
should be contributed to designing luminescent MOFs with multiple signal sources to
facilitate the necessary analytical and bioanalytical applications.

Lanthanide ion-based MOFs, including mixed Ln ions, exhibit tunable luminescence
peaks and lifetimes, making them suitable for ratiometric, multiplexed, and multi-modal
measurements. However, as luminescent nanoprobes, the modest luminescence quantum
yield in aqueous media impedes the application of these MOF-based luminescence sensors
in aqueous solution as well as in biological samples. Future efforts should also include the
engineering of the building elements of MOF structures to create more MOF-based optical
nanosensors with improved performance in terms of factors such as physical and chemical
stability, photostability, easiness in functionalization, quantum yield, red/near infrared
emission wavelength, and tuned luminescence lifetime.

For the applications of MOFs in SERS measurements, the SERS mechanism of MOFs
needs to be explored in more depth and breadth to rationally achieve the maximum SERS
sensitivity. Further novel and facile approaches are expected to produce distinctive Raman
signals via chemistry of the MOF with the analyte of interest. Efforts towards reproducible
MOF substrates with high enhancement factors will be crucial to applications of MOF-based
SERS in practical samples.

In both the photoluminescence and SERS fields, the breadth of applications need to
be further explored in order to most effectively utilize the excellent physical and chemical
properties of MOFs. The aforementioned needs represent challenges, but they also repre-
sent opportunities for MOF-based optical nanosensors to play a more significant role in
bioanalytical applications.
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Abstract: Technological advancements in the healthcare sector have pushed for improved sensors and
devices for disease diagnosis and treatment. Recently, with the discovery of numerous biomarkers for
various specific physiological conditions, early disease screening has become a possibility. Biomarkers
are the body’s early warning systems, which are indicators of a biological state that provides a
standardized and precise way of evaluating the progression of disease or infection. Owing to the
extremely low concentrations of various biomarkers in bodily fluids, signal amplification strategies
have become crucial for the detection of biomarkers. Metal nanoparticles are commonly applied on
2D platforms to anchor antibodies and enhance the signals for electrochemical biomarker detection. In
this context, this review will discuss the recent trends and advances in metal nanoparticle decorated
2D materials for electrochemical biomarker detection. The prospects, advantages, and limitations of
this strategy also will be discussed in the concluding section of this review.

Keywords: metal nanoparticles; immunosensor; MXene; MoS2; graphene; MOF; biomarkers; graphitic
carbon nitride; black phosphorous; 2D-LDHs; boron nitrides; graphdiyne

1. Introduction

The definition of biomarkers has evolved over time, and a broader definition was
suggested by the World Health Organization as “a biomarker is any substance, structure,
or process that can be measured in the body or its products and influence or predict the
incidence of outcome or disease” [1,2]. More specific definitions such as “a biological
molecule found in blood, other body fluids, or tissues that is a sign of a normal or abnormal
process, or of a condition or disease and can be tested to see how well the body responds to
treatment for a disease or condition” [3], and “a characteristic that can be objectively mea-
sured and quantitatively evaluated as an indicator of a normal biological and pathological
process, or pharmacological responses to a therapeutic intervention” [4] were coined by
the US National Cancer Institute, and the US National Institutes of Health, respectively.
Biomarkers can be biological, chemical, or physical, and are measurable parameters indica-
tive of a specific biological state. The detection of biomarkers is crucial for the diagnosis
and treatment of numerous diseases [5]. Biomarkers are classified broadly into imaging
biomarkers and molecular biomarkers based on their characteristics. Imaging biomarkers
are often used in combination with various imaging tools, whereas molecular biomarkers
comprise RNA, DNA, and proteins [6]. Molecular biomarkers are easily quantifiable from
biological samples and can complement clinical characteristics [7,8]. Another category,
known as pharmacodynamic biomarkers, is applied in drug development during dose
optimization studies [9]. Based on the application, biomarkers are classified into prognostic
biomarkers, diagnostic biomarkers, predictive biomarkers, and monitoring biomarkers [10].
Prognostic biomarkers help to identify the risk of disease progression in the future [11].
Diagnostic biomarkers help physicians to identify a specific disease condition [12], and pre-
dictive biomarkers predict the responses related to therapeutic interventions [11], whereas
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a monitoring biomarker is usually measured for assessing the status of a medical condition
or disease [13].

An ideal biomarker sensor must capture the biomarker selectively from the complex
biological matrix of interfering molecules. Although nonspecific binding is still a concern,
electrochemical detection methods, specifically electrochemical impedance spectroscopy
(EIS), allow the selective analysis of biomarker detections by the resistive and/or capacitive
changes due to physical and/or biomolecular interactions of the electrode surfaces coated
with nanomaterials, DNA, proteins, etc. [14–16]. It is one of the basic and widely used
approaches to determine the fundamental redox events at the electrode-electrolyte interface.
However, evaluations are made by comparing the results of the EIS with cyclic voltam-
metry (CV) measurements. Also, differential pulse voltammetry (DPV) and square wave
voltammetry (SWV) techniques are used in biomarker detection systems for both label
and label-free approaches [17,18]. Among these techniques, CV-based detection sensing is
widely reported due to its ability to explain the electrochemical events, such as oxidation-
reduction reactions and electron-transfer kinetics occurring at the electrode-electrolyte
interface, and the mass transport towards the electrode surface [19–21]. The search for ad-
vanced functional materials for electrochemical biomarker detection has sparked a research
interest in layered 2D materials over the past few years and several novel approaches were
reported for the synthesis of various 2D materials and their nanocomposites with exciting
immunosensor applications. The interest and demand for 2D materials have increased sig-
nificantly, and the global market for 2D materials is expected to grow rapidly with a CAGR
of 3.9% between 2020 and 2027 and a corresponding increase in valuation from 2.27 billion
to 2.86 billion USD [22]. In this context, this review discusses the recent advances and
challenges of metal nanoparticle decorated 2D materials for biomarker detection.

2. Metal Nanoparticles on 2D Materials for Biomarker Detection

Nanoparticles used separately or in conjugation with other nanomaterials on 2D mate-
rials fulfill various roles in the design and development of electrochemical immunosensors.
Also, they improve the analytical characteristics of the developed sensors such as linear
range, LOD, and sensitivity [23]. For instance, nanoparticles deposited on the surface of
the working electrode result in an enhancement of the surface area, thereby leading to
an increased molecule loading capacity [24,25]. Additionally, the unique properties of
nanoparticles could enhance the signal for the sensitive determination of biomarkers [23].
Also, the high electrical conductivity of metal nanoparticles at the electrode surface acceler-
ates the redox electron transfer process. In some cases, nanoparticles could act as platforms
for anchoring antibodies [26]. Metal nanoparticles were also used as a transport medium
to capture the analyte from the sample, thereby concentrating the analyte molecules to-
wards the electrode surface to improve the analytical signal [27]. Among various metal
nanoparticles, AuNPs were extensively used to immobilize antibodies on the electrode
surface to effectively amplify the immunosensor signal, anchor antibodies, and improve
electrocatalytic activity [28,29].

2.1. Graphene Oxide Conjugated with Nanoparticles for Electrochemical Biomarker Detection

Graphene, a single layer (monolayer) of SP2 carbon atoms with a molecular bond
length of 0.142 nm, is tightly bound in a hexagonal honeycomb lattice. It is basically
extracted from graphite and is merely a sheet of graphite. Graphene possesses excellent
electrical conductivity (200,000 cm2/Vs) due to its bonding and antibonding of pi orbitals,
with the strongest compound around 100–130 times stronger than steel with a tensile
strength of 130 GPa and a Young’s Modulus of 1 TPa-150,000,000 psi. It is also one of the best
conductors of heat at room temperature (at (4.84 × 103–5.30 × 103 W/mK). As graphene is
a subunit of graphite it can be synthesized by direct extraction from bulk graphite. From the
high-quality sample of graphite, graphene can be extracted by micromechanical cleavage
or the scotch tape method of production. It is a straightforward method that doesn’t need
any specialized equipment. A piece of adhesive tape is placed onto and then peeled off
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the surface of a sample of graphite, resulting in a single to few layers of graphene. Other
methods include the dispersion of graphite, exfoliation of graphite oxide, epitaxial growth,
and chemical vapor deposition (CVD) as shown in Figure 1.

 

Figure 1. The schematic diagram for the synthesis of graphene. Reprinted with permission from
Ref. [30]. Copyright 2018, Elsevier.

Graphene oxide is a form of graphene that includes oxygen functional groups and
possesses interesting properties that are different from graphene. By reducing graphene
oxide, these functional groups can be removed resulting in reduced graphene oxide. The
production of reduced graphene oxide can be done in (i) chemical reduction, (ii) Thermal
reduction; (iii) microwave and photoreduction; (iv) photocatalyst reduction; (v) solvother-
mal/hydrothermal reduction. The detailed information for various synthesis routes can be
found elsewhere [31–33] and is beyond the scope of this review.
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In this section, we discuss the development of various types of electrochemical sensors
based on graphene oxide conjugated with nanoparticles that have been reported recently
for various types of biomarkers. The development of biosensors that accurately measure
the desired biomarker at high sensitivity and selectivity is crucial. However, sensitivity
and selectivity are the two main factors that limit accuracy when performing the detections
at the point of care with meager volumes of biological test solutions. For cancer cell
analysis, the sensors should be able to detect tumors within the range of 100–1000 cell
counts. To overcome these difficulties, innovative biosensor approaches with the optical,
electrochemical, and piezoelectric transducer occupy the place of benchtop protocols
adopted by the classical detection methods. Among these biosensors, electrochemical-
based approaches competed with optical sensors which are widely used for the analysis of
cancer biomarkers due to the characteristics of high sensitivity, selectivity, fast response,
ease of use, low cost, and minimal fabrication procedures. In electrochemical biosensors,
the right choice of transducer material is crucial, since it is the transducer that mainly
influences the overall sensitivity [34] with minimal contributions from labeling methods.

Recently, Ranjan et al. [35] reported on the detection of breast cancer CD44 biomarkers
using a gold-graphene oxide nanocomposite with ionic liquid with differential pulse
voltammetry and electrochemical impedance spectroscopy. In this work, the authors
reported the synthesis of RGO, ionic liquid (IL), and Au nanoparticles (Au NPs) by the
citrate reduction method and other chemical procedures to form a nanocomposite on a
glassy carbon electrode (GCE), as shown in Figure 2. In this work, the addition of 1-butyl-3-
methylimidazolium tetrafluoroborate, an ionic liquid in conjugation with Au nanoparticles
enabled the enhancement in the overall sensitivity of the developed sensor. Once the
nanocomposite is deposited on GCE, the surface is activated with EDC/NHS to covalently
bind the anti-CD44 antibodies. After the surface is blocked with BSA for nonspecific binding,
then different concentrations of CD44 antigen were allowed for electrochemical investigation
with CV, DPV, and EIS. The sensor possessed a linear range of 5 fg/mL to 50 μg/mL with a
LOD of 2.7 fg/mL and 2.0 fg/mL in serum and PBS samples, respectively. This sensor is a
promising candidate for the onsite detection of CD44 in breast cancer patients.

 

Figure 2. (A) Schematic diagram shows the synthesis of GO-IL-AuNPs hybrid nanocomposite and
(B) Stepwise fabrication shows the surface modification procedures for the fabrication of BSA/anti-
CD44/GO-IL-AuNPs/GCE Immunosensor. Reprinted with permission from Ref. [35] Copyright
2022, ACS.
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In another study, Yagati et al. [36] proposed indium tin oxide (ITO)-based electrodes
modified with reduced graphene oxide-gold nanoparticles that were used for the electro-
chemical impedance sensing of the C-reactive protein in serum samples. This biomarker
detection is crucial in analyzing the inflammation due to an infection, and the risk of
heart disease. In this study, graphene oxide-Au nanoparticles were electrodeposited on
ITO microdisk electrodes fabricated using standard photolithography techniques. Subse-
quently, the modified electrodes were coated with a self-assembled monolayer of 3-MPA
and activated with EDC/NHS. After the surface-blocking protocol was performed, then
the selective antibodies were immobilized on the rGO-NP surface. Once the transducer
surface is ready, a different concentration of CRP in human serum (1: 200) was detected
with the help of impedance spectroscopy (Figure 3). The key feature of this sensor is that
by forming the nanohybrid materials (RGO-NP hybrid) on the electrode, it results in an
enhanced sensitivity toward CRP detection. The linear range of the sensor is 1–1000 ng/mL
with an LOD of 0.08 ng/mL in serum samples. Based on the findings, it has the feasibility
to employ multiplexed assay detection of biomarkers for point-of-care applications.

Figure 3. (A) Fabrication of 8-channel Indium-tin oxide electrodeposited with reduced graphene
oxide-nanoparticle microdisk electrode array as working electrodes with a shared counter electrode.
(B) Chemical functionalization of modified ITO electrode with EDC/NHS to couple antibodies for
CRP detection in real samples. Reprinted with permission from Ref. [36]. Copyright 2016, Elsevier.

Jonous et al. [37] reported on the detection of prostate-specific antigen (PSA) by
using a sandwich-type transducer composed of graphene oxide (GO) and gold nanopar-
ticles (AuNPs). In this work the authors utilized an 11-mercaptoundecanoic acid for
self-assembled monolayer formation on the GO-coated glassy carbon electrode (GCE) and a
subsequent modification with EDC/NHS to convert -COOH to -NH for antibody bindings
(Figure 4). After blocking with 1% BSA, different concentrations of PSA were allowed
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to bind to the electrode and with square wave voltammetry, and the quantification was
made. The sensor possessed a limit of detection estimated to be around 0.2 and 0.07 ng/mL
for total and free PSA antigens, respectively. The incorporation of AuNPs on GO/GCE
enabled double functionality, i.e., specific recognition and signal amplification, for sensitive
determination of PSA.

Figure 4. (A) Procedures for the fabrication of Go/GNP/Ab. (B) Procedure for preparing the
electrochemical sensor. (C) Schematic illustration of the novel electrochemical sensor for PSA marker
detection. Reprinted with permission from Ref. [37]. Copyright 2019, Wiley.

Also, Kasturi et al. [38] reported on the development of a biosensor for the detection
of microRNA-122 (miRNA-122) with AuNPs-decorated reduced graphene oxide (rGO) on
the Au electrode surface (Figure 5). The thiol-labeled DNA probes were attached to the
Au-rGO transducer surface by forming a SAM layer, with subsequent blocking with 1%
BSA. Then, the target miRNA was allowed to bind to the transducer surface to quantify the
biomarker for liver diseases.

The sensor possessed a linear range from 10 μM to 10 pM and had a detection limit of
1.73 pM. The sensor possessed good biocompatibility, superior electron transfer characteris-
tics, large surface area, and selective conjugation with biomarkers. Also, the sensor design
can be applied to construct other types of biomarker detection. Furthermore, it can be
integrated with a lab on a chip platform. It is also applicable to the large-scale production
of sensors with a focus on the early detection of diseases.

In another interesting work, Rauf et al. [39] reported on the use of laser-induced
graphene oxide [34] as a new-generation electrode in cancer research for the detection
of human epidermal growth factor receptor 2 (HER-2). In this study, with laser printing
technology, the structures of working, counter, and reference electrodes were formed on a
polyimide sheet, then the gold nanostructures (Christmas-tree-like structures) were formed
by electrodeposition on the working electrode (Figure 6). Subsequently, the sensor surface
is modified with thiol labeled HER-2 aptamer and blocked with BSA for any nonspecific
bindings. Then, the HER-2 protein was allowed, in different concentrations, to interact
with the aptamer immobilized surface. The electrochemical signals were then recorded
for the aptamer surface after bindings with different concentrations with [Fe(CN)6]3−/4−
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redox probe. The CV analysis showed a decrease in current upon bindings of various
concentrations of HER-2, and from the calibration, the limit of detection was found to
be 0.008 ng/mL. It is claimed that with the incorporation of 3D Au nanostructures the
sensor possessed a high electron transfer rate, which resulted in achieving a lower LOD
and possessing high sensitivity and accuracy in detecting HER-2 in human serum samples.
Furthermore, special software was developed to make it a POC device, in which the
laboratory aptasensor could be converted into a hand-held aptasensor.

 
Figure 5. Schematic representation of the (A) Synthesis of rGO/Au nanocomposite, (B) Fabrication
of rGO/Au nanocomposite-based miRNA-122 electrochemical detection platform. Reprinted with
permission from Ref. [38]. Copyright 2021, Elsevier.

Also, Hasanjani et al. [40] reported on the development of Zidovudine (ZDV). A
modified pencil graphite electrode (PGE) was made using deoxyribonucleic acid/Au-
Pt bimetallic nanoparticles/graphene oxide-chitosan (DNA/Au-Pt BNPs/GO-chit/PGE)
(Figure 7). The PGE was immersed in the GO-chit solution to create the graphene oxide-
chitosan/pencil graphite electrode (GO-chit/PGE). Later, the electrodeposition of Au-
Pt bimetallic nanoparticles (Au-Pt BNPs) was accomplished on the surface of the GO-
chit/PGE-modified electrode. Subsequently, DNA was immobilized on the Au-Pt BNPs/GO-
chit/PGE, applying a constant potential of 0.5 V.
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Figure 6. The schematic diagram for the formation of laser-induced graphene (LIG) electrode sensor.
(A) LIG electrode on polyimide sheet, (B) Formation of Au nanostructures on working electrode area
with electrodeposition, inset shows the SEM images of the tree-like structure of Au. (C) Bindings
of DNA aptamer on the electrode through self-assembly of mecaptohexanol (MCH), (D) Surface
blocking procedures with BSA and measurement of electrochemical signal with [Fe(CN)6]3−/4− redox
probe, (E) Incubation with the HER-2 antigen and measurement of EC signal, and (F) Quantification of
HER-2 by evaluating the electrochemical signal. Reprinted with permission from Ref. [39]. Copyright
2021, Elsevier.

Figure 7. Schematic route for the fabrication of DNA/Au−Pt BNPs/GO−chit/PGE transducer
surface for the development of an electrochemical biosensor for the detection of ZDV. Reprinted with
permission from Ref. [40]. Copyright 2021, Elsevier.
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Using differential pulse voltammetry, the I−V response was recorded for different
concentrations of ZDV. The sensor showed a linear dynamic range from 0.01 pM to 10.0 nM,
with a detection limit of 0.003 pM in human serum samples.

Recently, Kangavalli and Veerapandian reported on the development of a dengue
biomarker using ruthenium bipyridine complex on the surface of graphene oxide [41].
They also reported on various EC-based techniques for the electrodeposition and electroless
deposition procedures of graphene oxide as a nanoarchitecture for a label-free biosen-
sor platform [42]. Some more information on electrochemical biosensors developed for
biomarker detection that contain graphene oxide and metal nanoparticles can be found
in some valuable studies recently reported, and are available in the literature [43–47].
Graphene oxide-based nanomaterials offer a wide range of possibilities for developing
sensitive electrochemical biosensors for biomarker detection. In recent years, significant ad-
vances in graphene-nanoparticle-based electrochemical sensors are made for the detection
of cancer biomarkers, and here we analyze the analytical parameters of those sensors, as
shown in Table 1.

Table 1. Literature reports on the analytical parameters of graphene oxide conjugated nanoparticles
for various biomarker detection.

Sensing Platform Biomarker Technique Linear Range LOD Real Sample Ref.

RGO-NP/ITO CRP EIS 1–10,000 ng/mL 0.08 ng/mL Human serum [36]

GO-CoPP CPEB4 DPV 0.1 pg/mL–10 ng/mL 0.074 pg/mL Human serum [48]

AuNP-RGO/ITO TNF-α EIS 1–1000 pg/mL 0.43 pg/mL Human serum [49]

rGO@AgNPs LA CV 10–250 μM 0.726 μM Human serum [50]

AgPdNPs/rGO

RAC
LSA

0.01–100 ng/mL

1.52 pg/mL

—- [51]SAL 1.44 pg/mL

CLB 1.38 pg/mL

MWCNTs-AuNPs/CS-
AuNPs/rGO-AuNPs OTC DPV 1.00–540 nM 30 pM —- [52]

GO-Fe3O4-β-CD MGMT DPV 0.001–1000 nM 0.0825 pM Human plasma [53]

AuNPs/GQDs/GO/SPCE

miRNA-21
SWV

0.001–1000 pM

0.04 fM

Human serum [54]miRNA-155 0.33 fM

miRNA210 0.28 fM

rGO/RhNPs/GE HER-2-ECD DPV 10–500 ng/mL 0.667 ng/mL Human serum [55]

AuNPs-rGO/ITO IL8 DPV 500 fg/mL–4 ng/mL 72.73 pg/mL —- [56]

Pd@Au@Pt/rGO
CEA

DPV
12 pg/mL–85 ng/mL 8 pg/mL

Human serum [57]
PSA 3 pg/mL–60 ng/mL 2 pg/mL

AgNPs/GO/SPCE PSA DPV 0.75–100 ng/mL 0.27 ng/mL Human serum [58]

rGO-GNPs-Cr.6/GCE L-Trp SWV 0.1–2.5 μM 0.48 μM Human serum [59]

GO/AgNPs/Au PSA LSV 5–20,000 pg/mL 0.33 pg/mL Human serum [60]

AuNP/RGO/GCE CA125 SWV 0.0001–300 U/mL 0.000042 U/mL Human serum [61]

ErGO-SWCNT/AuNPs HER2 EIS 0.1 pg/mL–1 ng/mL 50 fg/mL Human serum [62]

Au-PtBNPs/CGO/FTO MUC1 DPV 1 fM–100 nM 0.79 fM Human serum [63]

BNPAu-Fe-rGO/GCE Acetaminophen DPV 50–800 nM 0.14 nM Human urine [64]

2.2. MoS2 Conjugated Nanoparticles for Electrochemical Biomarker Detection

Recently, transition metal dichalcogenides (TMDCs) found their applications in vari-
ous biosensors due to their large surface-to-volume ratio, tunable electronic and optical
properties, low toxicity, and unique van der Waals layered structure [65]. In TMDCs, one
layer of transition metal atoms (M) lies between two layers of chalcogen atoms (X) resulting
in a formula MX2. Various kinds of TMDCs can be realized by altering the chalcogen atoms
such as Sulphur (S), Selenium (Se), and Tellurium (Te), and metal atoms like Molybdenum
(Mo) and Tungsten (W). Among these, MoS2 is commonly used because its fundamental
constituents are surplus and innoxious [66]. MoS2 molybdenum (Mo) atoms lie between
the two sulfide atoms layers (S-Mo-S) and atoms in the crystal are associated by strong
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covalent bonding and adjacent layers of MoS2 are held by weak van der Waals forces. MoS2
possesses a mobility of 200 cm2/Vs at room temperature, high on/off current ratio of 108,
and a direct band gap of 1.8 eV. Based on these properties, MoS2 becomes a promising al-
ternative to graphene and is applied in various electrochemical and optical sensors [67–69].
MoS2 can be synthesized in both top-down and bottom-up approaches (Figure 8). The
top-down approach includes the exfoliation of MoS2 [70], while the bottom-up approaches
include (i) chemical vapor deposition [71]; (ii) physical vapor deposition [72]; (iii) solution-
based processing [73]. For a more detailed synthesis of MoS2, readers are encouraged to go
through the literature survey of the desired synthesis approach. Thus, like graphene, MoS2
offers a large surface area that enhances its biosensing performance.

Figure 8. Various synthetic methods for MoS2 preparation. Reprinted with permission for Ref. [74].
Copyright 2022 MDPI.

MoS2 possesses a direct band gap of 1.8 eV in the monolayer, lattice defects of zero
dimensionality, grain boundary defects, and an enhanced surface-to-volume ratio. Also,
the feasibility of surface modification and chemical functionalization makes these char-
acteristics of MoS2 to adopt and study in scientific and industrial fields [75] (Figure 9).
Furthermore, to increase the electroactivity/conductivity of graphene and/or other 2D
materials, mostly nanoparticles were incorporated to achieve the synergistic effects from
both nanomaterials, which ultimately resulted in an improvement in the overall analytical
performance of the biosensor. In this section, we review various types of biosensors that
incorporate metal nanoparticles on MoS2 for the detection of various biomarkers.
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Figure 9. MoS2 nanostructures-based electrochemical sensing application in various fields. Reprinted
with permission from Ref. [76]. Copyright 2018, Elsevier.

In a recent report that mentions the usage of MoS2-Au nanoparticles, Yagati et al. [77]
reported on the applications of MoS2 conjugated Au nanoparticles on indium tin oxide
(ITO) electrodes for the detection of the thyroid-stimulating hormone biomarker, triiodothy-
ronine (T3), as shown in Figure 10. Electrodeposition procedures allowed the formation of
MoS2 and Au nanostructures on the ITO electrode. Subsequently, T3 antibodies were immo-
bilized on the MoS2-Au/ITO surface by forming a self-assembled monolayer of dithiobis
(succinimidyl propionate) (DSP). For any nonspecific bindings, the surface is coated with
casein and then subjected to different concentrations of the T3 biomarker diluted in both
PBS and serum samples. Electrochemical impedance spectroscopy was used to analyze the
bindings of T3 to its antibodies and a linear correlation was observed for different concen-
trations. Based on the quantifications made by this sensor for the detection of T3, a linear
range of 0.01–100 ng/mL with a detection limit of 2.5 pg/mL was observed. The sensor
also showed a good correlation with data observed by the conventional method (Roche
Cobas) and possessed high sensitivity and selectivity in discriminating the healthy and
cancer samples. Based on the findings, the developed sensor could apply to cancer-related
biomolecule analysis.

Su et al. [78] developed dual target sensing (adenosine triphosphate (ATP) and throm-
bin) detection electrochemical biosensors based on gold nanoparticles-decorated MoS2
(AuNPs–MoS2) nanocomposites which feature both “signal-on” and “signal-off” elements
in the detection system, and thrombin and ATP could act as inputs to activate an AND
logic gate (Figure 11). In this approach, two different aptamer probes labeled with redox
tags (ferrocene (Fc) and methylene blue (MB)) were simultaneously immobilized on an
AuNPs-MoS2 modified glassy carbon electrode (GCE) through Au-S bond formations.
Subsequently, the electrode was immersed in 6-mercaptohexanol to block the uncovered
spots of AuNPs–MoS2/GCE. Square wave voltammetry (SWV) was used to determine the
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various concentrations of ATP and thrombin applied to the GCE. From concentration vs.
change in the current results, it was evaluated that the sensor had a linear range for the
determination of ATP, which was 1 nM to 10 mM with a detection limit of 0.32 nM, while
for the thrombin determination, the linear range was 0.01 nM to 10 μM with a detection
limit of 0.0014 nM.

 

Figure 10. Schematic illustration of the total triiodothyronine (T3) receptive interface fabrication
through the immobilization of the antibody on a step-by-step modification process of MoS2–Au
formation and subsequent functionalization with a dithiobis (succinimidyl propionate) monolayer on
an indium tin oxide electrode surface. With increasing concentration of the T3 analyte in serum, the
EIS (Nyquist plot) shows increased semi-circle (Rct) for quantification. Reprinted with permission
from Ref. [77]. Copyright 2020, Elsevier.

Figure 11. Schematic representation for the development of the aptasensor for the determination of
ATP and thrombin. Reprinted with permission from Ref. [78]. Copyright 2016, ACS.

The authors also suggested that this mechanism can be acted as an AND logic gate
by using ATP and thrombin as inputs and the electrochemical signals of Fc and MB as
outputs (Figure 12). The logic gate works on the structural conversion of the aptamer probe
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triggered by ATP and thrombin. The working mechanism was the individual peak current
enhancement of Fc or the suppression of MB as electron transfer OFF (eTOFF) or “zero”
output, and the simultaneous peak current enhancement of Fc and suppression of MB
as electron transfer ON (ON) or “one” output. From the inset table, a “one” output was
achieved only when both inputs were “one”. When there were no inputs (0, 0) or only
one input (0, 1 or 1, 0), the result was “zero” output. Thus, the MoS2-based multiplexed
aptasensor could also serve as an “AND” gate.

 

Figure 12. Schematic description of the MoS2-Based AND logic gate for determination of ATP and
thrombin. Reprinted with permission from Ref. [78]. Copyright 2016, ACS.

In another work, Chen et al. [79] reported on the development of a growth differ-
entiation factor-15 (GDF-15) expression sensor which is a potential biomarker for the
diagnosis, risk stratification, and prognosis of various cardiovascular diseases (Figure 13).
Here, a sandwich-type immunosensor was constructed using amine-modified graphene-
supported gold nanorods (NG/AuNPs) as a substrate platform, and the durian-shaped
MoS2/AuPtPd nanodendrite (NDs) as a label for secondary antibodies (Ab2) for the quan-
tification of growth differentiation factor-15 (GDF-15). NG/AuNPs are used to enhance
the surface area and for the immobilization of primary antibodies through the binding of
amino or sulfhydryl groups. Subsequently, the electrodes were blocked with 1wt% BSA.
Finally, the signal probe MoS2/AuPtPd-Ab2 was added to the sample.

The developed sensor was also applied to evaluate the efficacy towards the clini-
cal sample analysis and compared with traditional sensing methods, such as ELISA, to
evaluate the accuracy of the results. The sensor showed a linear range of 1.5 pg/mL to
1.5 μg/mL with a detection limit of 0.9 pg/mL. Due to its high sensitivity, rapid response,
and feasibility to miniaturization, the proposed sensor could be applied to a point-of-care
diagnostic tool for cardiovascular diseases and paves the path toward “liquid biopsies”.

129



Biosensors 2023, 13, 91

Figure 13. Schematic illustration for the development of a sandwich-type electrochemical sensor for
GDF-15 detection sensor. Reprinted with permission from Ref. [79]. Copyright 2022, Elsevier.

Nong et al. [80] reported on the detection of cortisol which is a glucocorticoid hormone
that adrenal glands produce and release, and this hormone regulates stress, inflammation,
blood pressure, sugar, and overall metabolism. In this work, copper tungstate-molybdenum
sulfide (CuWO4@MoS2) and chitosan-gold (Chit-Au) nanocomposite were synthesized and
applied to GCE (Figure 14). Subsequently, the cortisol antibody (C-Mab) was immobilized
using the EDC/NHS reaction and subsequent blocking with BSA. Once the transducer sur-
face was fabricated, SWV was performed to analyze the bindings of various concentrations
of cortisol and a linear relationship was observed concerning different concentrations. The
sensor showed a linear range of 0.1 fg/mL to 1 μg/mL with a detection limit of 0.014 fg/mL
(S/N = 3). The sensor showed excellent storage stability and reproducibility and it can
detect the content of cortisol in saliva.

Su et al. [81] reported on the use of a MoS2-Au nanocomposite for the detection of a car-
cinoembryonic antigen (CEA). In this work, CEA antibodies labeled with horseradish per-
oxidase resulted in an amplified electrochemical signal by catalyzing o-phenylenediamine
(o-PD) in the presence of hydrogen peroxide (H2O2). As can be seen in Figure 15, the
MoS2-Au conjugated HRP labeled antibodies enhance the overall sensitivity when the dif-
ferent concentrations of CEA were measured using cyclic voltammetry. From the analytical
performance, the sensor displayed a linear range of 10 fg/mL to 1 ng/mL with a detection
limit of 1.2 fg/mL. The sensor also exhibited good stability, and high selectivity suggesting
that the proposed immunosensor could detect CEA in real samples.
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Figure 14. Schematic representation for (A) Synthesis of MoS2, CuWO4@MoS2, AuNPs, and Chit-Au
nanocomposites; (B) Preparation process of the immune electrode. Reprinted with permission for
Ref. [80]. Copyright 2022, Elsevier.

Also, Ma et al. [82] reported similar works using MoS2@Cu2O-Au nanoparticles for
the detection of alpha-fetoprotein (AFP), a tumor marker to identify adult primary liver
cancer (Figure 16). In this work, AuNPs were electrodeposited on GCE which acted as
antibody carriers and sensing platforms. Further, MoS2@Cu2O was combined with the
AuNPs as a strategy to obtain the signal amplification resulting in a composite MoS2-
Cu2O-Au as a triamplification electrochemical signal. A sandwich immunosensor was
developed by immobilizing primary antibodies on Au-deposited GCE and blocked with a
surface with BSA for nonspecific bindings. Then, the electrodes were dipped with different
concentrations of AFP. Subsequently, the HRP-labeled secondary antibodies coupled with
MoS2@Cu2O were then allowed to conjugate with the electrode. Amperometric response,
under suitable experimental conditions, exhibited that the sensor possessed a linear range
of 0.1 pg/mL to 50 ng/mL and a detection limit of 0.037 pg/mL (S/N = 3). The sensor
showed satisfactory recoveries when tested in human serum samples, and the proposed
approach could extend the potential application of electrochemical immunosensors to
medical applications.
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Figure 15. The schematic diagram for the stepwise modification of the GCE with MoS2 and
Au nanoparticles for anti-CEA antibody immobilization for developing a CEA detection sensor.
Reprinted with permission from Ref. [81]. Copyright 2019, Elsevier.

 

Figure 16. The schematic diagram for the preparation procedure for the sandwich-type electrochemi-
cal immunosensor. Reprinted with permission from Ref. [82]. Copyright 2019, Elsevier.

Likewise, several reports demonstrated the usage of a MoS2-Au nanocomposite for
the detection of electrochemical biosensors for various types of biomarker detection in
clinical applications. However, very few reports show the possibility of point-of-care
applications. Here, we analyzed the analytical parameters of the reports that adopt the
MoS2-Au nanocomposite used for electrochemical sensors and presented them in the
following Table 2.
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Table 2. Literature reports on the analytical parameters of MoS2 conjugated nanoparticles for various
biomarker detections.

Sensing Platform Biomarker Technique Linear Range LOD Real Sample Ref.

Au-NPs/MoS2 CRP EIS 1 fg/mL–1 μg/mL 0.01 fg/mL —- [83]

Fe3O4@MoS2-AuNPs H2O2 SWV 1–120 μM 80 nM Human serum [84]

Au/MoS2/Au/PET GP120 SWV 0.1 pg/mL–10 ng/mL 0.066 pg/mL Human serum [85]

MoS2/Pt@Au-nanoprism/PDA free-PSA; total-PSA DPV 0.0001–100 ng/mL 0.1 pg/mL;
0.0011 fg/mL Human serum [86]

MoS2 NFs/Au@AgPt YNCs CEA i-t curve 10 fg/mL–100 ng/mL 3.09 fg/mL Human serum [87]

Au/Co-BDCf/MoS2 CTnIg i-t curve 10 fg/mL–100 ng/mL 3.02 fg/mL Human serum [88]

Au/MoS2/rGO CA 27-29 BCA i-t curve 0.1–100 U/mL 0.08 U/mL Human serum [89]

MoS2-AnNPs/GCE CEA DPV 1 pg/mL–50 ng/mL 0.27 pg/mL Human serum [90]

Ce-MoS2/AgNRs PSA CV 0.1–1000 ng/mL 0.051 ng/mL Human serum [91]

MoS2@Au Siglec-5 ECL 10 pM–500 pM 8.9 pM Human serum [92]

MoS2/PPY/AuNPs Glucose DPV 0.1–80 nM 0.08 nM Human serum [93]

AgPt/MoS2 H2O2 i-t curve 20 μM–4 mM 1.0 μM —- [94]

2.3. Biomarker Detection on MXenes Conjugated with Metal Nanoparticles

MXenes are transition-metal carbides/nitrides/carbonitrides with a 2D structure and
general formula Mn + 1XnTx (n = 1–3), where M is an early transition metal, X can be
carbon or nitrogen, and Tx corresponds to the surface terminations (Figure 17A,B). The
ideal electronic structure [95], structural stability [96], high surface-to-volume ratios [97],
outstanding mechanical [98] and optical properties [99], versatile surface chemistries [100],
tunable bandgap [101], and high thermal and chemical stability [102,103] make them
promising materials for biomarker detection (Table 3). The initial synthesis approach for
MXenes was realized based on the etching of Ti3AlC2 with 50% HF for 2 h at room tem-
perature [104]. Later many environmentally friendly approaches were formulated [105]
(Figure 17C). However, similar to any other pristine 2D materials, MXenes suffer from
poor selectivity, low sensitivity, and slow response [106]. These disadvantages were usu-
ally overcome by synthesizing MXene-metal nanoparticle nanocomposites. MXene-metal
nanoparticle nanocomposites possess a large specific surface area, superior electron con-
ductivity, and enhanced electron transfer properties for biosensing applications [107]. To
expand beyond the limitations of MXenes, Liu et al. [108] reported the covalent graft-
ing of PAMAM onto MXene (MXene@PAMAM) (Figure 18A). Here, the PAMAM acted
as an efficient stabilizer and spacer, thereby preventing the restacking and oxidation of
the MXene. Moreover, the aminoterminals of PAMAM acted as adsorption sites for
AuNPs. The AuNPs@MXene@PAMAM nanobiosensing platform was applied for the
detection of the cardiovascular disease biomarker cTnT. The sensor performance was re-
markable with a wide detection range (0.1–1000 ng/mL) and a very low detection limit
(0.069 ng/mL). Medetalibeyoglu et al. [109] fabricated a d-Ti3C2TX MXene@AuNPs/Ab2
bioconjugate-based sandwich-type electrochemical immunosensor for the detection of
PSA. Here, AuNPs at the bioconjugate were used to label PSA secondary antibody-2 for
signal amplification (Figure 18B). In one study, Laochai et al. [110] fabricated thread-based
L-Cys/AuNPs/MXene working electrodes for the noninvasive electrochemical detection
of sweat cortisol, which is an important biomarker for identifying adrenal gland disorders
(Figure 18C). Here, MXene served as a 2D platform to anchor the monoclonal anticortisol
antibodies, whereas AuNPs increased the specific surface area, and thereby the sensi-
tivity of the detection system. Mesoporous nanoparticles (MNPs), comprising metallic
and nonmetallic counterparts, show better catalytic performance compared to their bulk
nanoparticles [111]. Liu et al. [112] reported sandwich-type PdPtBP MNPs/MXene-based
immunosensor for the ultrasensitive detection of urine kidney injury molecule-1(KIM-1)
(Figure 18D). Yang et al. [113] reported an interesting cascaded signal amplification strategy
on in situ reduced gold nanoparticle deposited Ti3C2 MXene (Figure 18E), where MXene

133



Biosensors 2023, 13, 91

acted as a stabilizer and reductant. Here, AuNPs with the predominant (111) facet on
MXene provided high electrocatalytic activity and were also used as a carrier of the C-DNA
and to make DNA hybridization. Mohsen et al. [114] reported Au nanoparticles on Ti3C2
MXene for synergistic signal amplification (Figure 18F). Here, the perfectly distributed Au
nanoparticles on the flaky architecture of MXene contributed to the enhanced electrochemi-
cal performance and the attomolar detection of multiple micro-RNAs (miRNAs) achieved
on an AuNP@MXene/Au electrode. Wang et al. [115] proposed a competitive electrochemi-
cal aptasensor for the breast cancer biomarker Mucin1 based on Au nanoparticles decorated
Ti3C2 MXene. Here, aptamer binding to the electrode surface was achieved through Au-S
bonds by the electrodeposited gold nanoparticles. The electrochemical aptasensor reported
a wide linear range (1.0 pM–10 μM) and a low detection limit (0.33 pM) with promising
clinical applications. Cheng et al. [116] demonstrated a gold nanoparticle-modified MXene-
based sandwich-type immunosensor platform for squamous cell lung cancer cytokeratin
fragment antigen 21-1 (CYFRA 21-1).

Figure 17. (A) Structure of various MXenes with surface terminations. (B) Periodic table elements
experimentally used for the synthesis of MXenes, and (C) Timeline of the various synthesis routes to
MXenes. Reproduced with permission from Ref. [117]. Copyright 2021, Wiley.

Table 3. Recent literature reports on metal nanoparticles incorporated MXenes for electrochemical
biomarker detection.

Sensing Platform Biomarker Technique Linear Range LOD Real Sample Ref.

AuNPs/Ti3C2@PAMAM cTnT DPV 0.1–1000 ng/mL 0.069 ng/mL Human serum [108]

Ti3C2@AuNPs PSA DPV pg/mL 3.0 fg/mL Plasma [109]

L-cys/AuNP/Ti3C2 Cortisol CA 5–40 ng/mL 0.54 ng/mL Artificial sweat [110]

PdPtBP MNPs/Ti3C2 KIM-1 DPV 0.5–100 ng/mL 86 pg/mL Human urine [112]

AuNPs-Ti3C2/AuE miRNA-21 DPV 100 aM–1 nM 50 aM —- [113]

AuNP@MXene/Au
miRNA-21

DPV 500 aM–50 nM
204 aM

Total plasma [114]
miRNA-141 138 aM

cDNA-Fc/MXene/Apt/Au/GCE MUC1 SWV 0.001–1.0 × 104 nM 0.33 × 10−3 nM Human serum [115]

AuNP-Ti3C2 CYFRA21-1 SWV 0.5–1.0 × 104 pg/mL 0.1 pg/mL Human serum [116]

MCH/CP/MXene-Au/GCE miRNA-377 SWV 10 aM–100 pM 1.35 aM Human serum [118]

Ti3C2-AuNPs/GCE PSA DPV 1–50,000 pg/mL 0.31 pg/mL —- [119]

AuNPs/d-S-Ti3C2 PCT DPV 0.01–1.0 2.0 fg/mL —- [120]

MB/DNA/HT/HP1/AuNPs/Ti3C2/BiVO4/GCE VEGF165 PEC 10 fM–100 nM 3.3 fM —- [121]
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Figure 18. (A) Schematic illustration of the fabrication of AuNPs/MXene@PAMAM for the electrochemical
detection of cTnT. Reproduced with permission from Ref. [108]. Copyright 2022, Nature. (B) Preparation
of d-Ti3C2 MXene@AuNPs/Ab2 for the detection of PSA. Reproduced with permission from Ref. [109].
Copyright 2020, Elsevier. (C) Fabrication of L-cys/AuNPs/MXene on a thread-based electrochemical
biosensor for noninvasive sweat cortisol detection. Reproduced with permission from Ref. [110]. Copyright
2022, Elsevier. (D) Fabrication of PdPtBP nanoparticles/MXene-based enzyme-free electrochemical biosen-
sor for the detection of kidney injury molecule-1 (KIM-1). Reproduced with permission from Ref. [111].
Copyright 2021, Elsevier. (E) Schematics of the AuNPs-based cascaded signal amplification process for
the detection of miRNA-21. Reproduced with permission from Ref. [113]. Copyright 2022, ECS, and
(F) Schematic diagram based on AuNPs decorated MXene for the multiplex and concurrent detection of
miR-21 and miR-141. Reproduced with permission from Ref. [114]. Copyright 2020, Elsevier.

2.4. MOFs Conjugated Metal Nanoparticles for Electrochemical Biomarker Detection

As an emerging material with exceptional properties, metal-organic frameworks
(MOFs) have been studied exceptionally during the past decades. MOFs are porous ma-
terials comprising a framework of metal ions or metal-containing clusters and organic
ligands [122]. MOFs have been reported to have excellent properties such as a tunable struc-
ture [123], large surface area [124], abundant functional groups [125], high porosity [126],
good conductivity [127], and thermal stability [128]. MOFs have been traditionally syn-
thesized by hydrothermal/solvothermal methods [129]. The solvothermal method is a
general concept where a solvent other than water is used, and the synthesis is usually
performed at a temperature above the boiling temperature of the solvent in closed chemi-
cal reactors at higher pressures. Moreover, the greater pressure inside the closed reactor
results in enhanced salt solubility. The benefits of the solvothermal process allowed re-
searchers to develop reproducible protocols with total control of the long-term synthesis
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processes. The solvothermal method has the advantage of higher product yield with im-
proved crystallinity [130]. The hydrothermal/solvothermal method has been optimized for
the synthesis of MOFs such as Ni-MOF [131], Co-MOF [131], Fe-MOF [132], Cu-MOF [133],
Zn-MOF [134], and mixed-ligand metal-organic frameworks [135]. In recent years, elec-
trochemical synthesis gained attention, and several MOFs such as Cu3(HHTP)2 [136], Mn-
DABDC(ES) [137], 2D/3D Zn(II)-MOF hybrid [138], Fe-MIL-101 and Fe-MIL-101-NH2 [139],
etc. have been reported for various MOFs’ electrocatalytic applications. Electrochemical
synthesis has the advantages of mild synthesis conditions, shorter synthesis times, and
controllability of morphology and thickness by the applied current/voltage [140]. During
electrochemical synthesis, the metal ions enter the solution through the dissolution of
the anode and the process is usually continuous with the availability of dissolved linker
molecules [141]. Researchers have also developed a variety of other synthesis approaches
such as ultrasound and microwave-assisted [142], mechanochemical [143], and sonochemi-
cal [144] methods for the synthesis of MOFs with different morphology and applications
(Figure 19). As shown in Table 4, modified MOF nanocomposites often outperform unmod-
ified MOF and are often exploited for diverse biosensor applications [145]. MOFs are often
decorated with metal nanoparticles in immunosensor applications for anchoring antibodies
and enhancing the electrochemical signal. Nanoparticles decorated MOFs with versatile
ligands and metal clusters, low cost, and simple operation provide researchers with an
adequate 2D platform for biosensing applications. Li et al. [146] fabricated such an inter-
esting immunosensor platform with core-shell Cu2O@Cu-MOF@AuNPs nanostructures
for the sensitive detection of CEA (Figure 20A). Here, the sandwich-type electrochemical
immunosensor achieved a tripled electrical signal amplification due to the synergistic effect
of Cu-MOF, Cu2O, and AuNPs. Nanowires had more surface area to accommodate pro-
teins and were used to fabricate label-free sensors with exceptional performance [147,148].
Li et al. [149] constructed such an ultrasensitive label-free platform for the detection of
NMP-22 based on CuAu nanowires decorated Co-MOFs (Figure 20B). The outstanding
catalytic capabilities of Co-MOFs/CuAu NWs achieved a highly sensitive immunosensor
with a good linear response (0.1 pg/mL–1 ng/mL), with a lower detection limit (33 fg/mL)
suitable for the detection of NMP-22 from human urine samples. An immunoprobe based
on AuNPs decorated Fe-MOF for the detection of PSA was reported by Feng et al. [150].
In this study, the labeling antibody was immobilized on AuNPs/Fe-MOF, and methylene
blue (MB) covered by a thin layer of AuNPs-rGO served to covalently attach the coating
antibodies. An amperometric signal at 0.18 V was measured to quantitatively measure PSA
from urine samples (Figure 20C). Zhang et al. [27] reported a similar MB-based strategy
for the detection of PSA (Figure 20D). Here, the MOF-325 adsorbed and stabilized MB,
thereby solving the problem of MB leakage. A similar nanocomposite comprising MOF,
rGO, and AuNPs was reported by Mehmandoust et al. [151] for the detection of a GFAP
biomarker (Figure 20F). Here, AuNPs were anchored onto zeolitic imidazolate MOFs and
were deployed as a recognition element for the detection of GFAP in urine samples. The
intrinsic properties of unique nanomaterials are advantageous for specific immunosensor
applications. Zhao et al. [152] fabricated an immunosensor for the detection of NMP-22
based on AuNPs and PtNPs decorated MOFs. The nanoparticles decorated MOF sowed an
increased surface area to anchor antibodies through Pt-S and Au-N bonding (Figure 20E),
and the immunosensor reported a sensitive response towards NMP-22.
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Figure 19. (A) Various literature reported conditions and approaches for the synthesis of MOFs.
Reprinted with permission from Ref. [153]. Copyright 2021, Elsevier. (B) Structures of porous MOFs
reported by several research groups. Reprinted with permission from Ref. [154]. Copyright 2015,
Royal Society of Chemistry. (C) Various biomedical applications of 2D MOFs. Reprinted with
permission from Ref. [155]. Copyright 2022, BMC (Springer).

Table 4. Recent literature reports on metal nanoparticles incorporated MOFs for electrochemical
biomarker detection.

Sensing Platform Biomarker Technique Linear Range LOD Real Sample Ref.

Au/MOF-235/MB PSA DPV 0.01–1.2 ng/mL 3 pg/mL Human serum [28]

Co-MOFs/CuAu NWs NMP-22 CA 10−4–1 ng/mL 33 fg/mL Human urine [149]

AuNPs/Fe-MOF PSA SWV 0.001–100 ng/mL 0.13 pg/mL Human serum [150]

Au@ZIF-8@rGO/SPE GFAP EIS 50–10,000 fg/mL 50 fg/mL Human urine [151]

rGO-TEPA/AuNPs-PtNPs-MOFs NMP-22 DPV 0.005–20 ng/mL 1.7 pg/mL Human urine [152]

PtNPs/Fe-MOF Thrombin DPV 1 fM–10 nM 0.33 fM Human serum [156]

Fe3O4@UiO-66/Cu@Au cTnI DPV 0.05–100 ng/mL 16 pg/mL Human serum [157]

SiO2-Fc-COOH-Au/UiO-66-TB PCT DPV 1 pg/mL–100 ng/mL 0.3 pg/mL Human serum [158]

Au-MoS2/MOF NSE CA 1 pg/mL–100 ng/mL 0.37 pg/mL Human serum [159]

AgNPs@Co/Ni-MOF AFP ECL 1 pg/mL–100 ng/mL 0.417 pg/mL Human serum [160]

BSA/Ab-AgNPs/CdS@MOF-
5/PDDA/FTO cTnI ECL 0.01–1000 pg/mL 5.01 fg/mL Human serum [161]

Pd/NH2-ZIF-67 PSA CA 100 fg/mL–50 ng/mL 0.03 pg/mL Human serum [162]
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Figure 20. Schematic illustrations of (A) Fabrication of core-shell Cu2O@Cu-MOF@AuNPs-based
electrochemical immunosensor for CEA detection. Reproduced with permission from Ref. [146].
Copyright 2020 Springer, (B) Preparation of Co-MOFs/CuAu NWs based label-free immunosensor
for the detection of NMP-22. Reproduced with permission from Ref. [149]. Copyright 2019 Royal
society of chemistry, (C) Fabrication of Au-MOF-based amperometric immunosensor for the detection
of PSA. Reproduced with permission from Ref. [150]. Copyright 2020 Springer, (D) Preparation
steps of AuNPs decorated MOF235/MB based electrochemical immunosensor for PSA detection.
Reproduced with permission from Ref. [28]. Copyright 2021 Elsevier, (E) Stepwise assembly of
AuNPs-PtNPs-MOFs based electrochemical immunosensor for the detection of NMP-22 in urine
samples. Reproduced with permission from Ref. [152]. Copyright 2019 Elsevier, and (F) Preparation of
GFAP-BSA-Anti-GFAP-Au@ZIF-8@rGO/SPE based electrochemical immunosensor for the detection
of GFAP. Reproduced with permission from Ref. [151]. Copyright 2022 ACS.

2.5. Biomarker Detection on Other 2D Materials Conjugated with Metal Nanoparticles

2D materials such as graphitic carbon nitride, black phosphorous, 2D layered double
hydroxides (LDHs), boron nitrides, graphdiyne, etc. have also been explored in conjunc-
tion with metal nanoparticles for immunosensor applications with interesting biomarker
targets (Figure 21, Table 5). Graphdiyne, the new 2D carbon allotrope with its unique
sp-sp2 carbon network and highly π-conjugated structure has been receiving increased
attention [163]. A graphdiyne-based self-powered biosensor platform was constructed by
Hou et al. [164] for the determination of miRNA-21. Here, both the cathode and bioanode
were fabricated by different modifications of AuNPs/GDY (Figure 21A). The 2D hexagonal
boron nitride nanosheets, due to their electronic conductivity and large surface area were
explored for immunosensor applications [165]. A label-free aptasensor for the detection
of cardiac biomarker myoglobin on AuNPs decorated 2D-Boron nitride nanosheets was
reported by Adeel et al. [166]. Here, the boron nitride nanosheets modified electrode
AuNPs/BNNSs/FTO acted as a transducer for the immobilization of thiol-functionalized
DNA aptamer for the specific binding of myoglobin (Figure 21B). Carbon nitrides are poly-
meric materials mainly consisting of carbon and nitrogen [167,168]. At ambient temperature,
graphitic carbon nitride (g-C3N4) is the most stable allotrope of carbon nitrides. Due to
the presence of basic surface groups and rich surface properties, g-C3N4 is attractive for
many applications including catalysis [169]. Neto et al. [170] fabricated a miniaturized PEC
system based on AuNPs decorated g-C3N4 for the detection of the breast cancer biomarker
CA15-3 (Figure 21C). In this work, AuNPs on the g-C3N4 platform acted as a linker to
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11-mercaptoundecanoic acid for the effective adsorption of antibodies. The performance
of the PEC sensor was remarkable with a long linear range (0.1 fg/mL–10 ng/mL) and a
very low detection limit (0.04 fg/mL). One of the promising candidates for immunosen-
sor applications is 2D-Black phosphorus (BP) with high carrier mobility and controllable
bandgap [171]. The unique properties of BP at atomic thickness are valuable for diverse
applications [172–174]. Li et al. [175] reported a 2D-black phosphorous-supported Pt-Pd
nanoelectrocatalyst for the determination of 4-AP, a potent biomarker for aniline exposure.
Layered double hydroxides (LDHs) received attention because of their tunable chemistry
and high charge density [176]. In one study, an electrochemical immunosensor based on
AuNPs decorated ferrocene carboxylic acid conjugated MgAl layered double hydroxides
for the label-free detection of CA-125 was reported by Wu et al. [177]. In this work, an LBL
approach was used to increase the number of ferrocenes and antibodies, thereby amplifying
the signal. The sensor reportedly displayed a wide linear range (0.01–1000 U/mL) and
LOD (0.004 U/mL) and was tested for clinical cancer diagnostics (Figure 21D).

Figure 21. Schematic illustration of (A) Fabrication of a GDY-based self-powered device for miRNA-
21 detection. Reprinted with permission from Ref. [164]. Copyright 2021 ACS, (B) Fabrication
of AuNPs decorated boron nitride nanosheets based label-free aptasensor for the detection of the
cardiac biomarker myoglobin. Reprinted with permission from Ref. [165]. Copyright 2019 Elsevier,
(C) Graphitic carbon nitride sensitized with AuNPs for the PEC detection of CA15-3. Reprinted with
permission from Ref. [170]. Copyright 2022 Elsevier, and (D) Fabrication of label-free electrochemical
immunosensor based on LBL assembly of mesoporous carbon, AuNPs, and MgAl LDHs containing
ferrocenecarboxylic acid. Reprinted with permission from Ref. [177]. Copyright 2022 Elsevier.
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Table 5. Recent literature reports on biomarker detection based on various metal nanoparticles
decorated 2D materials.

Sensing Platform Biomarker Technique Linear Range LOD Real Sample Ref.

AuNPs/GDY miRNA-21 OCV 0.1–100,000 fM 0.034 fM Human serum [164]

Au-NPs/2D-hBN/FTO Mb DPV 0.1–100 μg/mL 34.6 ng/mL Human serum [166]

AuNPs-g-C3N4 CA15-3 PEC 10−7–101 ng/mL 0.04 fg/mL Human serum [170]

Pt-Pd/BP 4-AP DPV 0.02–5 μM 14.1 nM —- [175]

Au/Fc@MgAl-LDH CA-125 DPV 0.01 U/mL–1000 U/mL 0.004 U/mL Human serum [177]

AuNRs-g-C3N4 NS1 EIS 0.6–216 ng/mL 0.09 ng/mL Human serum [178]

3. Conclusions

In this review, we have discussed various electrochemical sensors that have been
reported in recent years which incorporate various 2D nanomaterials conjugated with
metal nanoparticles towards biomarker detection that have potential suitability for clinical
use and some for point-of-care applications for cancer diagnosis. Although much research
has been done in the synthesis of graphene, MoS2, MXenes, MOFs, and other 2D materials
incorporated with metal nanoparticles for an in vitro analysis of biomarkers. However,
significant progress needs to be done in performing an in vivo analysis. Moreover, due to
their inherent conductivity, these 2D nanomaterials are significantly used in electrochemi-
cal or even optical sensing. However, they are often doped with other nanomaterials to
improve their electroactivity/conductivity. Further, new approaches such as nanofabrica-
tion and clinical applicability are most crucial for developing an open-use-dispose type of
sensor at low cost. Furthermore, electrode-to-electrode variations upon modifications with
nanomaterials largely depend on the type of functionalization method adopted, which
also needed to be studied for developing electrochemical transducers with greater stability
and reproducibility. Finally, the paper-based electrochemical and wearable electrochemical
sensing approaches for biomarker detections are also promising due to their improved
sensitivity, selectivity, and portability, such as a simple paper-based sensor that can measure
with an application able to get the electrochemical signal downloaded into a smartphone is
best suitable for clinical/point-of-care applications [179,180]. Though the integration of mi-
crofluidic devices with electrochemical systems possesses numerous advantages, including
rapid manipulation of sample fluid, reduced reagent consumption, and low cost, commer-
cialization of these electrochemical sensors is still in its infancy due to the challenges that
these techniques are facing, such as miniaturization (multiple electrodes and channels)
and integration of microfluidic systems (miniaturized flow controllers). Therefore, it is
necessary to develop manufacturable biosensors that can provide accurate quantification
of a biomarker of interest with a meager quantity of solutions at point-of-care with simple
fabrication steps by avoiding multiple modifications on the electrode surface.
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Abbreviations

2D Two dimensional
2D-Hbn 2D-hexagonal boron nitride
AgNPs Silver nanoparticles
AgNRs Silver nanorods
Apt Aptamer
Au Gold
AuE Gold electrode
AuNP-RGO Au nanoparticle-reduced graphene oxide
AuNPs Gold nanoparticles
AuPtBNPs Gold platinum bimetallic nanoparticles
BDC 1,4-benzenedicarboxylate
BiVO4 Bismuth vanadate
BNNSs Boron nitride nanosheets
BP Black phosphorous
BSA Bovine serum albumin
CA 27-29 BCA Cancer antigen 27-29 breast cancer antigen
CA Chronoamperometry
CA125 Cancer antigen 125
CA15-3 Cancer antigen 15-3
C-DNA Capture DNA
CEA Carcinoembryonic antigen
ce-MoS2 Chemical exfoliated MoS2
CGO Carboxylic groups
CLB Clenbuterol
CoPP Cobalt protoporphyrin
CP Capture probe
CPEB4 Cytoplasmic polyadenylate element-binding protein 4
Cr.6 18-crown-6
CRP C-reactive protein
CS Chitosan
CTnI Cardiac troponin I
CTnT Cardiac troponin T
CV Cyclic voltammetry
CYFRA21-1 Cytokeratin 19 fragment
DNA Deoxyribonucleic acid
DPV Differential pulse voltammetry
ECD Extracellular domain
ECL Electrochemiluminescence
EIS Electrochemical impedance spectroscopy
ELISA Enzyme-linked immunosorbent assay
eT Electron transfer
Fc Ferrocene
FTO Fluorine doped tin oxide
g-C3N4 Graphitic carbon nitride
GCE Glassy carbon electrode
GDY Graphdiyne
GE Graphite electrode
GFAP Glial fibrillary acidic protein
GP120 Glycoprotein GP120
4-AP p-Aminophenol
HER-2 Human epidermal growth factor receptor-2
HP1 Hairpin DNA
HT Hexane thiol
IL8 Interleukin-8
i-t curve Amperometric current-time response
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ITO Indium tin oxide
LA Lactic acid
LBL Layer by layer
L-cys L-Cysteine
LOD Limit of detection
LSV Linear sweep voltammetry
L-Trp L-tryptophan
Mb Myoglobin
MCH 6-mercaptohexanol
MgAl-LDH Mg-Al-Layered double hydroxide
MGMT O6-methylguanine-DNA methyltransferase
miRNA-141 micro-RNA-141
miRNA-21 micro-RNA-21
miRNA-377 micro-RNA-377
miRNAs micro-RNAs
MNPs Mesoporous nanoparticles
MOFs Metal organic frameworks
MUC1 Mucin1
MWCNT Multiwalled carbon nanotubes
NMP-22 Nuclear matrix protein 22
NS1 Non-structural 1
NSE Neuron-specific enolase
OCV Open circuit voltage
OTC Oxytetracycline
PAMAM Polyamidoamine
PCT Procalcitonin
PDA Polydopamine
PdPtBP MNPs Pd-Pt-Black phosphorous-mesoporous nanoparticles
PEC Photoelectrochemical
PET Polyethylene terephthalate
PPY Polypyrrole
PSA Prostate specific antigen
PtNPs Platinum nanoparticles
RAC Ractopamine
rGO Reduced graphene oxide
RhNPs Rhodium nanoparticles
RNA Ribonucleic acid
S/N Signal-to-noise ratio
SAL Salbutamol
SPCE Screen-printed carbon electrode
SWV Square wave voltammetry
TEPA Tetraethylenepentamine
VEGF165 Vascular endothelial growth factor 165
YNCs Yolk-shell nanocubes
β-CD β-cyclodextrin
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Abstract: Electrical impedance biosensors are powerful and continuously being developed for various
biological sensing applications. In this line, the sensitivity of impedance biosensors embedded with
microfluidic technologies, such as sheath flow focusing, dielectrophoretic focusing, and interdigitated
electrode arrays, can still be greatly improved. In particular, reagent consumption reduction and
analysis time-shortening features can highly increase the analytical capabilities of such biosensors.
Moreover, the reliability and efficiency of analyses are benefited by microfluidics-enabled automation.
Through the use of mature microfluidic technology, complicated biological processes can be shrunk
and integrated into a single microfluidic system (e.g., lab-on-a-chip or micro-total analysis systems).
By incorporating electrical impedance biosensors, hand-held and bench-top microfluidic systems
can be easily developed and operated by personnel without professional training. Furthermore,
the impedance spectrum provides broad information regarding cell size, membrane capacitance,
cytoplasmic conductivity, and cytoplasmic permittivity without the need for fluorescent labeling,
magnetic modifications, or other cellular treatments. In this review article, a comprehensive summary
of microfluidics-based impedance biosensors is presented. The structure of this article is based on the
different substrate material categorizations. Moreover, the development trend of microfluidics-based
impedance biosensors is discussed, along with difficulties and challenges that may be encountered in
the future.

Keywords: microfluidic; impedance biosensor; electrical impedance flow cytometer; electrochemical
impedance spectroscopy

1. Introduction

Biosensors are mainly used to measure or perceive signals from biological responses.
Electrical biosensors can be generally classified into potential, current, and impedance
sensors [1]. H. E. Ayliffe pioneered the measurement of single-cell impedance in a mi-
crochannel in 1999 [2]. Biological substances can be detected using a pair of microelectrodes
with a gap of several μm, in a microchannel 10 μm in width. This narrow microchannel
allowed for a more accurate impedance measurement of human polymorphonuclear leuko-
cytes and teleost fish red blood cells. Subsequently, the electrical and equivalent circuit
models of single cells were established [3,4].

As early as 1984, Giaever et al. designed a device on a Petri dish that could monitor
impedance in order to investigate the density and cell migration of fibroblasts [5]. The
impedance signal was obtained by gold electrodes 130 μm in width, which were deposited
by a metal evaporator using a mask. Fibroblasts were attached to the gold electrodes,
and their cellular response could be represented by the impedance measured across the
electrodes [6]. The measured impedance values could differentiate normal fibroblasts from
transformed cells. When fibronectin and gelatin were coated on the gold electrodes, the
fibroblasts showed a better response. Based on the results of electrical signal monitor-
ing, cell movement was observed. Later, Giaever published an article proposing that the
phenomenon of cell movement is called micromotion [7], following which the authors

Biosensors 2023, 13, 83. https://doi.org/10.3390/bios13010083 https://www.mdpi.com/journal/biosensors
151



Biosensors 2023, 13, 83

put forward a mathematical model establishing the theory of cell movement analysis. Ex-
perimentally, small fluctuations in impedance electrical signals were measured as direct
evidence of cell movement. Unlike cells observed by light microscopy, impedance biosen-
sors are designed to continuously track the vertical movement of detected cells [8]. The
range of cell motion can be as small as 1 nm. The impedance value and fluctuation of each
type of cell differs and, so, may be used as a cell fingerprint. Regarding electrical impedance
spectroscopy, Grossi et al. carried out a series of literature reviews [9]. The impedance
spectrum is usually matched with an equivalent circuit model, and the impedance spec-
trum obtained by each test object can be expressed as the electrical fingerprint of the test
object. Sun et al. used electrochemical impedance spectroscopy to explain the dielectric
properties of individual polyelectrolyte microcapsules with different shell thicknesses [10].
The authors built a complete equivalent circuit model of a single solid spherical particle
in suspension, and the resistance of the shell and the capacitance of the inner core were
used to determine the permittivity and conductivity of individual capsule shells. The study
indicated that the conductivity of the six- and nine-layer microcapsule shells could be
estimated as 28 ± 6 and 3.3 ± 1.7 mS m−1, respectively.

On the other hand, the first microchannel-based flow cytometer was designed by
Kamentsky et al. in 1965 [11], with a cell throughput of 500 cells per second. Initially,
optical detection was used, using wavelengths of 253 nm and 410 nm. Later on, S. Gawad
developed an impedance spectroscopy flow cytometer using Pt as an electrode, which
could reduce the electrode impedance and allow the measurement frequency to be as low
as 10 kHz [12]. By using a three-electrode design, the impedance value when the cells pass
through can be easily measured. The peak impedance value is related to the cell size, and
the electrode spacing and the time difference between two impedance signals could also be
used to determine the velocity of the measured particle. Gawad et al. established a model
to discriminate cell size, membrane capacitance, and cytoplasmic conductivity using a
miniature cytometer [13]. Moreover, Cheung et al. obtained amplitude, opacity, and phase
information using a microfluidic impedance cytometer, which can be used to distinguish
different cells [14], where the measured amplitude can determine the cell size. Opacity was
used to distinguish polystyrene beads from red blood cells (RBCs), while phase information
was used to distinguish between RBCs and ghosts. RBCs and RBCs fixed in glutaraldehyde
could also be distinguished by opacity. The definition of opacity was published in an article
by R. A. Hoffman [15]; in particular, it is the ratio of the high-frequency impedance to
low-frequency impedance of a particle. Some scholars have studied the development of
fluidic impedance cytometers for micro-single cells [16].

Impedance biosensors integrated with microfluidic technology can be categorized
into two major technologies: electrical impedance flow cytometry and electrochemical
impedance spectroscopy. In the design of a microchannel, an electrical impedance flow
cytometer can measure dynamic objects using impedance technology. On the other hand,
electrochemical impedance spectroscopy is usually combined with microcavity structures.
Static objects can be measured using impedance measurement techniques. In this review
article, microfluidics-based impedance biosensors are comprehensively summarized and
classified according to the different substrate materials. The development trend, difficulties,
and challenges associated with microfluidics-based impedance biosensors, which are
expected to be encountered in the future, are also discussed.

2. Silicon-Based Impedance Biosensors

Silicon-based impedance biosensors are only possible with the fabrication of the
electrodes by micromachining. Therefore, the development of silicon impedance biosensors
began earlier; however, a number of articles have also been published recently, due to
relevant special processes.

An impedance biosensor with a nanometer-wide interdigitated electrode array was
developed [17], with electrode widths and spacings of 250–500 nm microfabricated using
deep UV lithography. The same article also verified the binding of biomolecular structures
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to nanoscale electrode surfaces. The impedance signal results indicate that the immobiliza-
tion of glucose oxidase on the electrode can be monitored. A silicon-based microfabricated
biochip was designed to measure the electrical impedance spectrum [18], which could
measure the conductance change in a 30 nl volume of bacterial suspension and showed
the viability of the bacteria. The same research demonstrated electrical impedance values
for the live micro-organism Listeria innocuous. By-products after bacterial metabolism
have also been shown to change the electrical impedance value; for example, Radke et al.
developed an impedance biosensor for bacterial detection using immobilized antibod-
ies. The interdigitated electrode arrays were designed on silicon-based biosensors [19].
Escherichia coli-specific antibodies were immobilized on the electrodes, and impedance
changes due to bacteria immobilized on the interdigitated gold electrodes were observed.
Impedance signals at low frequencies showed that bacteria bound to the sensor electrode
surface within 5 min. The rate of binding was the most pronounced in the first 20 min
but slowed down significantly after 35 min. At high frequencies, impedance does not
change over time. Test concentrations can be as low as 10 CFU/mL of bacterial suspension.
The same research team used an impedance biosensor with immobilized antibodies and
interdigitated electrode arrays to detect pathogenic Escherichia coli O157:H7 and Salmonella
infants [20]. It mainly detects bacteria in food or water. P-type (100) silicon wafers were
used in that article. Coplanar impedance sensors were designed on glass and fabricated by
photolithography [21]. They verified that the spacing of the set of coplanar electrodes is a
more important parameter than the electrode area. As the spacing of the electrode design
increases, the impedance value increases accordingly. An impedance sensor was used to
monitor drug-affected spheroids in a microcavity [22]. Silicon wafers were microfabricated
into microcavities through wet anisotropic etching. The impedance sensor was designed
with 15 microcavities, and 4 electrodes in each cavity were used to sense the impedance of
the spheroids. OLN93 cell spheroids were most loosely organized and peaked at around
180 kHz, while Bro cell spheroids had a more compact structure and showed a peak at
100 kHz. They also observed the impedance of the spheroids 8 h after drug administration.
Impedance increased with forskolin, camptothecin, and staurosporine and decreased with
doxorubicin and tamoxifen. Single-cell impedance and optical sensing were integrated into
a single chip for real-time viability assessment [23]. Single-cell capture microwell chips
were obtained by etching silicon wafers with KOH. The induction chip is composed of
two cavities (upper and lower). The adhesion changes of RAW264.7 macrophages can be
assessed through the impedance value of the sensing chip. In an interdigitated electrode
array, the gap between the electrodes is an important factor to improve the sensitivity of the
biosensor [24]. Three-dimensional interdigitated electrode arrays were fabricated to sense
the impedance signals of proteins. C-reactive protein-specific antibodies were immobilized
on the electrode surface. The results showed that electrochemical impedance spectroscopy
can be used to monitor the concentration of C-reactive protein in human serum. An
impedance biosensor that can sense the concentration of picesterol was developed [25].
The electrodes on the silicon wafer were designed with interdigitated electrodes, where
the distance between two electrodes was 15 μm. Cortisol-specific monoclonal antibodies
were immobilized on the surface of the microelectrodes. Cortisol binding to antibodies
can be signaled by changing the impedance values. The experimental results showed that
the impedance biosensor can accurately detect cortisol in the range of 1 pM to 10 nM in
saliva. An electrical impedance biosensor was constructed through a CMOS-process, using
high-density sensing electrodes for the detection of breast tumor cells (MCF-7) [26]. A total
of 96 × 96 gold microelectrodes were designed with a sensing area of 3.5 mm × 3.5 mm.
The impedance signal is read out by an integrated circuit fabricated with 0.18 μm CMOS
technology. The results showed that the increase in impedance was associated with cell
binding to the electrode surface. Ma et al. designed an impedance biosensor that can detect
suspended DNA, as shown in Figure 1a [27], where the sensing electrodes are fabricated
using 0.35 μm CMOS technology. They proposed that the impedance of a solution is
highly dependent on the concentration. Moreover, the impedance value of the sample
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solution is also highly correlated with the length of the DNA fragment. In other words, the
biological samples obtained after PCR can be tested using the biosensors designed in that
article. Lisandro Cunci developed electrochemical impedance biosensors that can detect
telomerase in cancer cells [28]. The flexible heater and temperature sensor were designed
together in the biosensor. Single-stranded DNA probes were immobilized on the surface of
the interdigitated gold electrode array. Jurkat cells were tested for telomerase and showed
a 14-fold increase in electrical resistance. The sensitivity of electrochemical impedance
spectroscopy biosensors was enhanced using electric field focusing of magnetic beads in
microwells [29], where the antibody is immobilized on the surface of the magnetic beads.
Microwells are fabricated on silicon wafers using high aspect ratio SU-8 microstructures. In
the same article, prostate-specific antigen in a PBS buffer and human plasma were used
to validate the argument that focused magnetic beads can improve the sensitivity. The
experimental results showed that prostate-specific antigens at low concentrations (i.e.,
tens or hundreds of fg/mL) could be detected. Pursey et al. integrated surface plasmon
resonance and electrochemical impedance spectroscopy into a microfluidic chip, targeting
bladder cancer-associated DNA sequences, as shown in Figure 1b [30]. Gold electrodes
are microfabricated on the silicon layer, and 20 sensors on the same wafer simultaneously
detect three different DNA markers for bladder cancer. Signals were measured within a
short period of 20 min. Impedance biosensors that can monitor bacteria have also been
developed. In one study, 216 three-dimensional interdigitated electrodes of 3 μm width and
with 3 μm gap were microfabricated on a silicon wafer [31]. To improve the sensitivity, the
three-dimensional electrodes were separated by an insulating layer. In addition to sensing
the impedance signals of bacteria, the three-dimensional electrode can also concentrate
bacteria. An impedance sensor fabricated in microgrooves was developed, where silicon
substrates were microfabricated to create the microgrooves, as shown in Figure 1c [32]. Two
gold electrodes were microfabricated in the microgrooves, which can be used to sense the
impedance value of three-dimensional cancer cells, and changes in impedance can reflect
the proliferation and apoptosis of three-dimensional cancer cells. Impedance sensors can
also identify cancer cells that are affected by drugs. A biosensor combining impedance and
photoelectrochemical analysis of cancer cells was designed, as shown in Figure 1d [33],
where monocrystalline silicon was used as a substrate for the biosensor. The serrated
interdigitated electrodes not only can focus cells but also sense impedance signals. They
identified four different types of cancer cells: esophageal cancer (CE81T cell), esophageal
cancer (OE21 cell), lung adenocarcinoma (A549 cell), and bladder cancer (TSGH-8301 cell).

The development of silicon chips for microfluidic impedance sensors depends on the
development of the microelectromechanical system. Many silicon-based microfabrication
processes and metal microelectrode processes are derived from microelectromechanical
system microfabrication. Therefore, this is discussed in the first part of this article. Due to
the special process requirements, several articles have focused on silicon-based microfluidic
impedance sensors. In recent years, the COVID-19 virus has spread throughout the world,
and this multi-mutated virus needs to be sensed through the use of biosensors. The MEMS
process developed by Taiwan’s Taiwan Semiconductor Manufacturing Company may
provide the direction for such a technology to be commercialized.
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(a) (b)

(c) (d)

Figure 1. The silicon-based impedance biosensors. (a) A low-cost 0.35 mm CMOS technology by
TSMC (Taiwan) was used to fabricate the micro-array chip that sensed DNA characterization. Repro-
duced with permission from [27]. Copyright Scientific Reports 2013. (b) Integrated surface plasmon
resonance and electrochemical impedance spectroscopy in a microfluidic chip [30]. Reproduced with
permission from [30]. Copyright Sensors and Actuators B: Chemical 2017. (c) Silicon substrates were
microfabricated to create microgrooves. Reproduced with permission from [32]. Copyright Microsys-
tems and Nanoengineering 2020. (d) A biosensor combining impedance and photoelectrochemical
was designed. Reproduced with permission from [33]. Copyright Biosensors 2022.

3. Printed Circuit Board (PCB)-Based Impedance Biosensors

Printed circuit boards (PCBs) are flat plates that were originally used to make circuits,
which are very commercialized. Their electrode width and electrode spacing are not very
small; therefore, the sensitivity limit of the sensor is not low either.

Electrochemical impedance spectroscopy biosensors consist of PCBs with gold-coated
electrodes, which are mainly used to detect plant pathogens [34], where the antibody
is first bound to the surface of the electrochemical sensor. For papaya ring spot virus,
the biosensor was shown to be capable of detecting papaya ring spot virus coat protein
with high sensitivity. A chip using a microfluidic impedance sensing system to detect
the transgenic protein Cry1Ab was designed, as shown in Figure 2a [35]. Gold electrodes
were printed on commercial printed circuit boards, with the spacing between two printed
electrodes being 250 μm. The impedance signal at the optimal test frequency (358.3 Hz)
presented a good linear relationship with the concentration of the transgenic protein
Cry1Ab in the range of 0–0.2 nM. Clinically, the degree of red blood cell agglutination is
divided into five grades by visual inspection, which is routinely conducted in hospitals [36].
An electrical impedance blood-sensing chip was designed by Chang et al. to distinguish the
degree of blood agglutination. The interdigitated electrode array was designed on a PCB.
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ZnO nanowires were synthesized on the surface of the electrode array in order to improve
the sensitivity of impedance measurement. An electrical impedance sensor was used to
detect the degree of fibrosis in liver tissue, as shown in Figure 2b [37], where liver tissue
was detected by a pair of gold electrodes on the PCB. The experimental results indicate that
the maximum resistance difference between healthy and fibrotic tissue was about 2 kΩ at
day 8.

 

(a) (b)

Figure 2. The PCB-based impedance biosensors. (a) Gold electrodes were printed on commercial
printed circuit boards. Reproduced with permission from [35]. Copyright Scientific Reports 2013.
(b) An electrical impedance sensor was used to detect the degree of fibrosis in liver tissue. Reproduced
with permission from [37]. Copyright Biosensors 2022.

The development of PCB chips is limited by the electrode line width in traditional PCB
processes. Microelectrodes that are not tiny enough will lead to an inability to improve the
sensitivity. Therefore, PCB chips are more suitable for the production or commercial design
where the induction is fast and the sensitivity requirements are not high.

4. Polymer-Based Impedance Biosensors

In addition to glass, the most commonly used substrates in the field of microfluidics
are polymer chips. Different from the stretchable chips mentioned in later chapters, the
polymer chips mentioned in this chapter are formed of hard and inflexible materials.

A study considering electrochemical impedance spectroscopy on polymer substrates
was developed [38], in which the authors designed a nanoscale interdigitated electric shock
array, in which the electrode width was only 200 nm and the electrode spacing was 500 nm.
Gold nanometer interdigitated electrode arrays were patterned on cyclic olefin copoly-
mer substrates. Experiments have demonstrated selective iDEP capture and impedance
detection on polystyrene microspheres and Bacillus subtilis spores [39]. The authors used
oxides to passivate the sensing electrode of the sensor in order to avoid the metal and elec-
trolyte having adverse effects on the electrode surface. Cyclic olefin copolymer was used
as the substrate of the sensor. Studies have used all-polymer electrochemical microfluidic
biosensors for electrochemical impedance spectroscopy, as shown in Figure 3a [40], where
polymer materials from Topas Corporation were used as substrates and conductive poly-
mer bilayers were used as electrode materials. Electrochemical impedance spectroscopy
was able to detect ampicillin in a concentration range from 100 pM to 1 μM and kanamycin
A from 10 nM to 1 mM. Figure 3b shows how Pires et al. combined an impedance sensor
and a current sensor to detect biofilms in water [41]. Two microfluidic chambers were
designed on a cyclic olefin copolymer substrate with four impedance sensors and three
current sensors in each cavity. A conductive polymer (PEDOT:TsO) was fabricated as
an interdigitated electrode array for impedance biosensors [42], where the cyclic olefin
copolymer produced by TOPAS was used as the base material for the conductive poly-
mer electrodes. A microfluidic impedance sensor was used to detect the food additive
clenbuterol hydrochloride [43], where the electrodes were patterned on poly (ethylene
terephthalate) films. Polyaniline@graphene oxide nanocomposites were used to functional-
ize the sensing electrodes, and the microfluidic impedance sensors could detect down to
0.12 ppb. Sharif et al. integrated a microfluidic system and a magnetic separation procedure
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to develop a novel impedance sensor for the detection of various foodborne pathogens [44].
Their results showed that the impedance sensor was effective for the detection of various
foodborne pathogens, including Escherichia coli (E. coli O157:H7), Vibrio parahaemolyticus
(V. parahaemolyticus), Staphylococcus aureus (S. aureus), and Listeria monocytogenes (L. mono-
cytogenes). Polymethyl methacrylate (PMMA) was used as the substrate. D-dimer is a
biomarker in the blood that can be used to diagnose deep vein thrombosis and pulmonary
embolism [45]. Lakey et al. designed a polymer microfluidic impedance sensor for the
detection of D-dimer, where interdigitated electrode arrays were patterned on polyethylene
naphthalate (PEN) substrates. Ma et al. developed an electrochemical impedance spec-
troscopy approach for the detection of endotoxins [46]. The electrodes were screen-printed
on a polyethylene terephthalate (PET) substrate, which contained carbon for the working
and auxiliary electrodes and Ag/AgCl for the reference electrode. The sensitivity of the
impedance biosensors could be as low as 500 pg mL−1, and the total measurement time was
only half an hour. Niaraki et al. used graphene microelectrodes to monitor neuronal growth
and detachment after death, as shown in Figure 3c [47]. Kapton Polyimide (PI) was used
as a substrate for patterned graphene electrodes. The microelectrodes fabricated by this
research team feature a wrinkled surface morphology, which allows for a fast response time
to be achieved. Chmayssem et al. integrated a cell culture chamber with electrochemical
impedance spectroscopy, as shown in Figure 3d [48]. The researchers used a screen-printing
technique to fabricate the microelectrodes on polyethylene terephthalate (PET) sheets. The
electrode material was selected, and Ag/AgCl was used as the low interface impedance
electrode on the PET sheet. On the top layer of electrodes was carbon-biocompatible ink
rich in IrOx particles. Hantschke et al. integrated electrophoretic and electrical impedance
sensors for point-of-care (POC) diagnostics [49], where the electrodes and microchannels
were fabricated on polymethylmethacrylate (PMMA) substrates.

(a) (b)

(c) (d)

Figure 3. The polymer-based impedance biosensors. (a) All-polymer electrochemical microfluidic
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biosensors are used. Reproduced with permission from [40]. Copyright Biosensors and Bioelec-
tronics 2013. (b) Two microfluidic chambers were designed on a cyclic olefin copolymer substrate.
Reproduced with permission from [41]. Copyright Biosensors and Bioelectronics 2013. (c) Kapton
Polyimide (PI) was used as a substrate. Reproduced with permission from [47]. Copyright Biosensors
and Bioelectronics 2022. (d) Microelectrodes were microfabricated on polyethylene terephthalate
(PET) sheets. Reproduced with permission from [48]. Copyright Biosensors 2022.

The key to the use of polymer chips in microfluidic impedance biosensors is the
combination of microelectrodes and polymer substrates. The sensitivity of the biosensors
were determined by the size of the microelectrodes. Polymer chips are used similarly to
glass chips, with both being hard and inelastic materials. On the other hand, polymer
materials are suitable for mass production. Therefore, polymer chips can be one of the
options for commercialization.

5. Glass-Based Impedance Biosensors

Microfluidic chips with glass as the substrate are very common. There have been some
articles on materials that can replace glass, such as ITO glass, Pyrex glass, and SiO2 glass.
Therefore, the classification in this chapter is based on what the biosensors on glass can
monitor. In this line, the subsections are classified regarding the detection of bacteria, blood,
cells, DNA, proteins, toxins, and viruses.

5.1. Detection of Bacteria

Ruan et al. used electrochemical impedance spectroscopy to detect E. coli O157:H7 [50].
An anti-E. coli O157:H7 antibody was immobilized on the surface of an indium tin oxide
(ITO) electrode. The binding of the antibody to the antigen changed the impedance signal.
The limit of the sensor to detect bacteria was as low as 6 × 103 cells/mL. Yang et al. used
an impedance sensor to detect Salmonella typhimurium and observed impedance changes
during bacterial growth [51]. The material of the interdigitated electrode array was ITO.
Four frequencies (10 Hz, 100 Hz, 1 kHz, and 10 kHz) were used to record impedance growth
curves in the experiment. The impedance changes only when the bacterial count reaches
105–106 CFU/mL. Experimental data indicated that the greatest impedance change was
observed at 10 Hz. [Fe(CN)6]3−/4− was used as a redox probe [52], which increases the elec-
tron transfer resistance on the antibody-immobilized microelectrode surface. Impedance
immunosensors for the detection of Listeria were developed [53], for which TiO2 nanowires
were immobilized on gold electrodes, and monoclonal antibodies were immobilized on the
nanowires. Listeria was then specifically captured using the antibodies. The impedance
immunosensors sense impedance changes induced by the nanowire–antibody–bacteria
system. Tan et al. designed a microfluidic impedance immunosensor for the detection of
Escherichia coli and Staphylococcus aureus [54]; in particular, specific antibodies were immobi-
lized on alumina nanoporous membranes, and bacteria were captured on the nanoporous
membranes by antibodies. In a 2 h rapid assay, the sensitivity was as high as 102 CFU/mL.
J. Lum designed an impedance biosensor, mainly for avian influenza virus subtype H5N1,
as shown in Figure 4a [55]. Immunomagnetic nanoparticles and interdigitated microelec-
trodes were designed on a microfluidic chip. The polyclonal antibody was immobilized
on the surface of the microelectrode, which binds to the avian influenza virus H5N1 to
generate an impedance signal. Chicken red blood cells were used as biomarkers attached
to the interdigital microelectrodes. The results showed that the impedance signal was
increased by more than 100%. An impedance biosensor with focusing and sensing elec-
trodes was designed to detect E. coli O157:H7 [56]. The sensitivity lower limit of detection
for impedance sensor measurements was 3 × 102 CFU/mL. By focusing on p-DEP, the
measurement sensitivity can be increased by 2.9 to 4.5 times. Couniot et al. integrated a
CMOS process to design an impedance sensor for bacterial detection in urine, as shown
in Figure 4b [57], where the detection of impedance spectroscopy was mainly directed
at Staphylococcus epidermidis. Pyrex wafers were used as substrates for the impedance
sensors. Liu et al. developed impedance-based biosensors that can be used to simultane-
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ously detect Salmonella Serotypes B, D, and E by relying on three sensing IDE arrays, as
shown in Figure 4c [58]. The sensor was designed with focusing electrodes to generate
dielectrophoretic force, where the focusing force can increase the sensitivity by 4–4.5 times,
and the detection limit is as low as 8 cells/mL. Other results indicated that the sensor
could also distinguish between dead and live cells. Dastider et al. designed a microfluidic
impedance sensor that can sense low concentrations of E. coli O157:H7 [59]. Upstream of
the microchannel, the authors designed interdigitated focusing electrodes, in which the
electrodes were arranged in a 45-degree-inclined manner. Positive DEP forces were used to
focus cells in the center of the microchannel. Then, downstream of the microchannel, three
sets of interdigital electrode arrays (IDEAs) were designed to sense impedance. An E. coli
antibody was functionalized on the sensing electrode, which captured E. coli and resulted
in a change in impedance. Experiments have shown that the microfluidic impedance sensor
can detect coliform bacteria at a concentration of 39 CFU/mL. A microfluidic impedance
sensor was used to detect Salmonella Serotypes B and D in food, as shown in Figure 4d [60].
There are two sensing areas in the chip, and the sensing electrodes are composed of in-
terdigitated electrodes. The shocks were coated with antibodies against Salmonella. The
experimental results demonstrate that the impedance sensor can detect Salmonella as low
as 300 cells/mL.

 

(a) (b)

(c) (d)

Figure 4. Glass-based impedance biosensors for detecting bacteria. (a) A polyclonal antibody
was immobilized on the surface of a microelectrode and bound to avian influenza virus H5N1 to
generate an impedance signal. Reproduced with permission from [55]. Copyright Biosensors and
Bioelectronics 2012. (b) Pyrex wafers were used as substrates for impedance sensors. Reproduced
with permission from [57]. Copyright Biosensors and Bioelectronics 2015. (c) An impedance-based
biosensors were used to simultaneously detect Salmonella Serotypes B, D, and E. Reproduced with
permission from [58]. Copyright Scientific Reports 2018. (d) There were two sensing areas in the chip,
and the sensing electrodes were composed of interdigitated electrodes. Reproduced with permission
from [60]. Copyright PLoS ONE 2019.

Many of the keys aspects in the design of impedance biosensors used to sense bacteria
are related to improving the sensitivity. As the combination of antigen and antibodies
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can lead to changes in the impedance signal, many studies on antibodies immobilized on
electrodes have been carried out.

5.2. Detection of Blood Samples

The manufacturing of electrical impedance measurement systems became possible
with microfabrication technology. For example, wet etching was used to obtain microchan-
nels on a coverslip [2], and gold electrodes were plated on both sides of the microchannel.
The authors scanned the electric impedance spectroscopy of ionic salt solutions, air, and
deionized (DI) water in the frequency range from 100 Hz to 2 MHz. Their experimental
results showed the efficacy of electrical impedance spectroscopy for human polymorphonu-
clear leukocytes and teleost fish red blood cells. Mishra et al. used three microelectrodes on
a chip to sense the impedance of human CD4(+) cells in blood, as shown in Figure 5a [61].
The reference electrode, working electrode, and counter electrode were microfabricated
on glass wafers. As the protein adsorbed onto the microelectrode surface, the detected
impedance value increased even more. The impedance also increased with the number of
captured cells. Kuttel et al. used impedance spectroscopy to detect red blood cells infected
with Babesia bovis [62]. The change in impedance was mainly due to the presence of the
parasite in the cell changing the impedance value of the original red blood cells, white
blood cells, or platelets. Therefore, infected cells could be easily and quickly distinguished
from healthy cells. In areas without good infrastructure or in very remote areas, the use of
impedance spectroscopy to detect parasites in whole blood samples can greatly reduce the
time of diagnosis for medical personnel. Holmes et al. developed a high-speed microfluidic
single-cell impedance cytometer using dual frequency for whole blood analysis [63], which
is mainly used for the impedance measurement and identification of T lymphocytes, mono-
cytes, and neutrophils. The experiments showed that, at low frequencies, T lymphocytes
and neutrophils can be distinguished. The cells were conjugated with fluorescently labeled
antibodies, allowing the system to analyze fluorescence and impedance simultaneously.
Han et al. developed a microfluidic chip that integrates red blood cell lysis with a mi-
crofluidic impedance cytometer, as shown in Figure 5b [64]. Their laboratory developed a
buffer that not only lyses red blood cells but also increases the identification of monocytes
and neutrophils. The method for multi-step cell lysis described in this paper is of great
help for the microfluidic system, in terms of whole blood analysis. Lei et al. designed an
electrical impedance to monitor the blood coagulation process in a microfluidic chip, which
can obtain impedance results consistent with clinical reports at different temperatures and
blood cell counts, as shown in Figure 5c [65]. This device provides a new analytical method
for the sensitive and real-time monitoring of coagulation in whole blood samples. Song
et al. developed a microfluidic impedance flow cytometer to identify undifferentiated and
differentiated mouse embryonic stem cells [66], where two micropores and three electrodes
were designed in the chip. The experimental results indicated that undifferentiated stem
cells and polystyrene spheres could be distinguished at any frequency, while undifferenti-
ated and differentiated stem cells require higher frequency and opacity to be distinguished.
Du et al. designed an electrical impedance flow cytometer targeting red blood cells infected
with Plasmodium falciparum [67]. The physiological and electrical properties of erythrocytes
were altered 48 h after P. falciparum infection. In addition to the cytometer, the authors
incorporated new offset parameters to make it easier to distinguish infected erythrocytes
from uninfected erythrocytes. Spencer et al. used a microfluidic impedance cytometer
for the detection of a representative circulating tumor cell (the MCF7 tumor cell line) [68].
The red blood cells were removed by lysis, and the buffer did not affect the dielectric
properties of the MCF7 cells. Through impedance analysis, MCF7 cells were shown to have
a larger size and membrane capacitance. The experimental results indicated that 100 MCF7
cells could be detected in 1 mL of whole blood. The average recovery rate was as high as
92%. Liu et al. developed an electrical impedance microflow cytometer that can control
oxygen flow for the analysis of sickle blood cells, as shown in Figure 5d [69]. The two-layer
microfluidic channel was separated by a 150 μm thick PDMS film. The upper layer is a ser-
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pentine gas channel that controls oxygen, while the lower layer is a microchannel through
which sickle cells and red blood cells flow. Ti/Au electrodes were designed to measure
the impedance of sickle cells in the lower microchannel. Under normoxic conditions, the
authors distinguished between normal and sickle cells using impedance signals measured
at intermediate frequencies. The same research demonstrated that impedance signals can
be obtained without the need for hemolysis. Their experimental results also proved that
the impedance signal of the microflow cytometer can be used as an indicator of red blood
cell disease and sickle cell disease.

 

(a) (b)

(c)

(d)

Figure 5. Glass-based impedance biosensors for detecting blood. (a) Three microelectrodes were
used to sense the impedance of human CD4(+) cells in blood. Reproduced with permission from [61].
Copyright Biosensors and Bioelectronics 2005. (b) A microfluidic impedance cytometer was for
red blood cell lysis. Reproduced with permission from [64]. Copyright Analytical Chemistry 2011.
(c) A microfluidic chip was designed to detect electrical impedance for monitoring the blood coagula-
tion process. Reproduced with permission from [65]. Copyright PLoS ONE 2013. (d) An electrical
impedance microflow cytometer with controlled oxygen flow for the analysis of sickle blood cells.
Reproduced with permission from [69]. Copyright Sensors and Actuators B: Chemical 2018.

5.3. Static Cell Analyzed by Electrical Impedance Spectroscopy

A microfluidic impedance sensor was designed to measure the cell migration of
cancer cells in a three-dimensional extracellular matrix [70]. A total of 16 sets of sensing
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electrode arrays and cell grabbing arrays were designed in the microchannel. Under
continuous monitoring, the migration of MDA-MB-231 cells allowed for a rapid change
in impedance amplitude (of about 10 Ω/s). Liu et al. designed a microfluidic chip with
embedded measurement electrodes to monitor the cell migration process using impedance
measurement technology [71]. Cells were measured and recorded in the microfluidic
channel as they pass through multiple parallel electrodes. This method enables the accurate
and objective recording of cell migration activity and the calculation of migration rates
among different stimulating drugs. Huang et al. designed a microchannel filled with
Matrigel to quantify cell migration velocity as an assay tool, as shown in Figure 6a [72].
The successful measurement of cells suspended in a 3D environment and the induction of
cell migration by stimulatory factors were used to record the migration speed of cells. The
measurement sensitivity was better than that of a traditional trans-well assay.

 

(a) (b) (c)

(d) (e) (f)

Figure 6. Static cell analyzed with electrical impedance spectroscopy. (a) A microchannel was
designed filled with Matrigel to quantify cell migration velocity. Reproduced with permission
from [72]. Copyright Analytica Chimica Acta 2020. (b) This chip was designed to induce angiogenesis
to extend into the microchannel. Reproduced with permission from [73]. Copyright Sensors and
Actuators B: Chemical 2022. (c) The relationship between the electrochemical impedance spectroscopy
and withstand voltage was established with four different cells (HeLa, A549, MCF-7, and MDA-
MB-231). Reproduced with permission from [74]. Copyright Sensors and Actuators B: Chemical
2012. (d) Because of the constriction of the microchannel, tumor cells, thus, are elongated for sensing
impedance. Reproduced with permission from [75]. Copyright Biosensors and Bioelectronics 2014.
(e) A microfluidic impedance sensing chip with droplets and microelectrode arrays was used to
monitor the osteogenic differentiation of bone marrow mesenchymal stem cells. Reproduced with
permission from [76]. Copyright Biosensors and Bioelectronics 2019. (f) Single stem cells were
captured in a 20 μm chamber by dielectrophoresis. Reproduced with permission from [77]. Copyright
Talanta 2021.
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Lei et al. developed a perfusion three-dimensional (3D) cell culture microfluidic
chip combined with real-time and non-invasive impedance monitoring [73]. This device
can simulate complex 3D biological microenvironments to culture cells and monitor the
impedance changes under different concentrations of drug stimulation through impedance
measurements. The impedance results are analyzed to determine the cell proliferation
and chemosensitivity of 3D cell cultures. Lei et al. designed an impedance measurement
device for cell colonies cultured on hydrogels [74–76]. Huang et al. constructed a 3D
biological barrier using Matrigel and induced angiogenesis to extend into the microchannel,
as shown in Figure 6b [77]. The angiogenesis process could be monitored by label-free
impedance, using electrodes at the bottom of the microchannel. The device can also
successfully quantify the time and distance of angiogenesis, thereby providing a reliable
and quantitative method for the assay of angiogenesis.

Bieberich et al. developed electrical cell impedance spectroscopy to monitor the
impedance response of PC12 and embryonic stem cells forming synapses [78]. Jang et al.
published a study combining a cell capture method with microfabricated impedance spec-
troscopy [79], in which three micropillars were designed in the center of the microchannel
to capture single HeLa cells. Cho et al. detailed the integrated microfluidic capture of single-
cell technology with electrical impedance spectroscopy [80]. Hildebrandt et al. developed
electrochemical impedance spectroscopy to distinguish the osteogenic differentiation of
human mesenchymal stem cells [81]. In the application of cellular impedance to infectious
parasites, Houssin et al. designed an electrochemical impedance spectroscopy approach to
detect the presence of oocysts [82]. Dalmay et al. developed impedance spectroscopy to
distinguish cancer stem cells and U87 glial cells (differentiated cells) [83]. The impedance
spectrum designed by Bagnaninchi et al. can instantly monitor adipose stem cell (ADSC)
differentiation [84]. Hong et al. established the relationship between electrochemical
impedance spectroscopy and the withstand voltage of four different cells (HeLa, A549,
MCF-7, and MDA-MB-231), as shown in Figure 6c [85]. Under a strong electric field, the
cytoplasmic resistance decreases due to the opening of ion channels. The experimental
results showed that different cells have not only different impedance spectra but also
different withstand voltages. Chen et al. designed a microfluidic chip for capturing single
cells and measuring impedance values [86]. Zhao et al. proposed to convert the measured
impedance values into membrane capacitance (C-specific membrane) and cytoplasmic
conductivity (σ cytoplasm), as shown in Figure 6d [87]. Due to the constriction of the
microchannel, tumor cells become elongated. The experimental results demonstrated that
tumor cells can be distinguished using two parameters: C-specific membrane and sigma
cytoplasm. Ruan et al. integrated dielectrophoretic force and impedance sensors to detect
lung circulating tumor cells [88]. Fan et al. designed a microfluidic impedance sensing chip
with droplets and microelectrode arrays to monitor the osteogenic differentiation of bone
marrow mesenchymal stem cells, as shown in Figure 6e [89]; the authors also proposed
a model of cellular droplets. Lei et al. captured single stem cells in a 20 μm chamber by
dielectrophoresis, as shown in Figure 6f [90]; the cells were measured in the impedance
spectrum range of 2–20 kHz.

5.4. Dynamic Cell Analyzed by Microfluidic Impedance Cytometry

The development of microfluidic impedance flow cytometry is important for cell
analysis. In this subsection, microfluidic impedance flow cytometry is divided into two
parts for discussion: one is the principle of microfluidic impedance flow cytometry, and the
other includes the sensing applications of microfluidic impedance flow cytometry.

Sun et al. designed two microfluidic impedance cytometers with parallel facing
electrodes and coplanar electrodes [91]. For impedance measurements, parallel facing
electrode designs are more sensitive than coplanar electrode designs. Holmes et al. used a
microfabricated flow cytometer for the discrimination of micron-sized polymer beads [92].
Fluorescently labeled proteins were immobilized on the beads, which can be used to
analyze the immune response. Negative dielectrophoretic force was used to focus the
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polymer beads by the focusing electrodes. An electrical impedance flow cytometer for the
high-speed analysis of particles was developed [93]. The impedance signal of polystyrene
beads could be obtained in as little as 1 ms. Compared with microchannels fabricated
by soft lithography, Kummrow et al. used ultraprecision milling technology to design
3D microchannels with horizontal and vertical focusing capabilities [94]. Fiber optics,
mirrors, and electrodes were integrated into a flow cytometer for blood cells. Spencer et al.
conducted a study on how the position of particles in a microchannel affects impedance
measurements [95]. Impedance is related to the position of the particle in the vertical
direction. A flow cytometer was designed by Barat et al. in order to measure both the optical
and electrical properties of particles [96]. Daniel Spencer integrated optical fibers and
waveguides into an impedance flow cytometer to measure electrical impedance (electrical
volume and opacity), fluorescence, and large-angle side scatter without the need for particle
focusing [97]. Haandbæk et al. published an article on microfabricated flow cytometry at
high frequencies [98]. The experimental results indicated the ability at high frequencies
to distinguish not only wild-type yeast and mutant strains but also opacity values at
frequencies above 50 MHz.

David et al. used impedance flow cytometry to measure the viability and membrane
potential of Bacillus megaterium cells [99]. A microfluidic impedance cytometer was de-
signed for platelet analysis by Evander et al. [100], where the focusing electrodes allow
for secondary focusing of the sample through the dielectrophoretic force. Lin et al. used
a microfluidic impedance cytometer to detect quantified protein biomarkers [101]. For
whole blood analysis, Simon et al. developed a microfabricated AC impedance cytome-
ter with multi-frequency AC impedance and side scatter analysis capabilities [102]. Xie
et al. proposed the concept of using a microfabricated impedance cytometer to detect
electronic biomarkers [103]. By changing the dielectric properties of the particle, the au-
thors designed a nanoelectronic barcode particle as an electronic biomarker. McGrath et al.
used a microfluidic impedance flow cytometer to distinguish the oocysts of protozoan
parasites, as shown in Figure 7a [104]. This chip can distinguish between Cryptosporid-
ium parvum, Cryptosporidium muris, and Giardia lamblia within minutes. A microfluidic
impedance cytometer integrating inertial focusing and liquid electrodes was developed for
the high-throughput measurement of human breast tumor cells and leukocytes, as shown
in Figure 7b [105]. The purpose of inertial focusing is to reduce cell adhesion and ensure
that single cells pass through the sensing area. An interesting study involved the use of two
microneedles, placed on either side of a microchannel to sense impedance values [106]. For
clinical analysis and judgment, Sun et al. used multi-frequency impedance spectroscopy
and machine learning to rapidly distinguish the survival of cancer cells under the action of
anti-matriptase-conjugated drugs [107]. Sui et al. developed an impedance flow cytometer
to detect spheroid green algae cells (Picochlorum SE3) at different salt concentrations, as
shown in Figure 7c [108]. Mahesh et al. published a study on the observed “double-peak”
characteristics of individual cells with high sensitivity to changes in cell membrane ca-
pacitance [109]. This phenomenon has limitations: it operates at the lower frequencies
(400–800 kHz) of the beta-dispersion mechanism, and the microelectrodes must be coplanar
and paired. The authors pointed out that changes in cell size and membrane capacitance
can be resolved using a single frequency. A microfluidic impedance cytometer was used
for the analysis of antigen-specific T lymphocytes, as shown in Figure 7d [110]. The experi-
mental results demonstrated that differences in impedance can be observed among dead,
healthy, and activated lymphocytes. Caselli et al. used artificial intelligence methods to
decipher signals from microfluidic impedance cytometers [111]. The authors demonstrated
two advances: (i) the use of a neural network to determine the dielectric properties of
single cells in raw impedance data streams and (ii) resolving the impedance signatures
of coincident cells. The results demonstrated that the neural network could increase the
signal processing capability of the microfluidic impedance cytometer.
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Figure 7. Dynamic cell analyzed by microfluidic impedance cytometry. (a) A model of the impedance
flow cytometer was established to distinguish Cryptosporidium parvum, Cryptosporidium muris,
and Giardia lamblia in minutes. Reproduced with permission from [104]. Copyright Scientific Reports
2017. (b) A microfluidic impedance cytometer integrating inertial focusing and liquid electrodes
was developed. Reproduced with permission from [105]. Copyright Analytical Chemistry 2017.
(c) An impedance flow cytometer was developed to detect spheroid green algae cells (Picochlorum
SE3) at different salt concentrations. Reproduced with permission from [108]. Copyright Scientific
Reports 2020. (d) A microfluidic impedance cytometer was used for the analysis of antigen-specific
T lymphocytes. Reproduced with permission from [110]. Copyright Sensors and Actuators B:
Chemical 2021.

5.5. Detection of Viruses

The key to the use of impedance biosensors for virus sensing is the immobilization
of antibodies, where the antibody must be immobilized on the surface of the electrode
first. However, the impedance signal will be altered due to the binding of both antibodies
and antigens.

Pathogenic avian influenza viruses have been detected by impedance sensors [112].
The polyclonal antibody was immobilized on the surface of a gold microelectrode by
protein A. The antibody–antigen binding reaction in the same research could be amplified
by red blood cells, and the proposed impedance immunosensor could be completed in as
little as 2 h. A portable impedance biosensor for avian influenza virus H5N2 was developed
by Wang et al. [113]. Magnetic nanobeads and interdigitated array microelectrodes were
integrated on a microfluidic chip, where the magnetic nanobeads captured avian influenza
virus subtype-specific antibodies. The entire detection time was less than 1 h, which
was greatly reduced compared with traditional avian influenza virus detection. The
experimental results indicate that the sensitivity of the impedance biosensor is comparable
to that of real-time reverse transcriptase PCR. Jacob Lum designed an impedance biosensor,
mainly for avian influenza virus subtype H5N1 [55]. For this purpose, immunomagnetic
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nanoparticles and interdigitated microelectrodes were designed on a microfluidic chip. The
polyclonal antibody was immobilized on the surface of the microelectrode, which binds
to avian influenza virus H5N1 to generate an impedance signal. Chicken red blood cells
were used as biomarkers attached to interdigital microelectrodes. The results showed that
the impedance signal can be increased by more than 100%. For the detection of human
immunodeficiency virus, Shafiee et al. designed a microfluidic sensing chip to measure
the impedance spectrum of virus nanolysates [114]. Two gold electrodes were designed on
both sides of the microchannel cavity. The lysis of the virus results in the release of the ions
and charged molecules of the virus into a non-ionic solution. That research demonstrated
that impedance spectroscopy provides a convenient and rapid tool for the detection of
multiple pathogens. Singh et al. developed an electrical impedance sensing chip to detect
influenza H1N1 virus, as shown in Figure 8a [115,116], for which three microelectrodes were
fabricated on a glass substrate. The authors used reduced graphene oxide and monoclonal
antibodies as electrode modifications.

 

(a) (b)

(c) (d)

Figure 8. Glass-based impedance biosensors for detecting other organisms and chemicals. (a) An
electrical impedance sensing chip was developed to detect influenza H1N1 virus. Reproduced with
permission from [115]. Copyright Scientific Reports 2017. (b) Impedance sensors were developed for
DNA hybridization. Reproduced with permission from [117]. Copyright Sensors and Actuators B:
Chemical 2011. (c) Single-stranded DNA probes were functionalized onto electrodes. Complementary
DNA hybridization was then induced using electrochemical impedance spectroscopy. Reproduced
with permission from [118]. Copyright Biosensors and Bioelectronics 2012. (d) Galectin-1 protein is
a biomarker of bladder cancer. An impedance immunosensor was developed to detect Galectin-1
protein in urine. The dielectrophoretic force was used to capture Galectin-1 antibody to improve
the sensitivity of the sensor. Reproduced with permission from [119]. Copyright Biosensors and
Bioelectronics 2016.

5.6. Detection of Other Analytes and Chemicals

Berdat et al. used an impedance sensor based on an interdigitated microelectrode
array to sense DNA [116], for which 5 μm wide microelectrodes were fabricated using a
lift-off process method. The complementary probe was first immobilized on the electrode
and hybridized to the target ssDNA. Finally, impedance sensors were used to detect the
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pathogen Salmonella choleraesuis in dairy products. Javanmard et al. developed a set of
impedance sensors for DNA hybridization, as shown in Figure 8b [117]. Oligonucleotide
probes were immobilized on the surface of the microchannel, and target DNA strands
were immobilized on the surface of polystyrene beads. Contact between the probe and the
target DNA strand results in the hybridization of the DNA, leading to the capture of the
polystyrene beads on the surface of the microchannel. An impedance chip for sensing DNA
hybridization was developed by Hadar et al., as shown in Figure 8c [118]. Single-stranded
DNA probes were functionalized onto electrodes, and complementary DNA hybridization
was then induced using electrochemical impedance spectroscopy. DC-biased AC electro-
osmotic vortex was utilized to design a label-free electrochemical impedance spectroscopy
(EIS)-based DNA biosensing chip [119]. Based on the electro-osmotic vortex, 20-base
target DNA fragments were hybridized to achieve 90% within 141 s. The ultrasensitive
detection limit was 0.5 aM. Another study indicated that the electric field was manipulated
by alternating current (AC) electrokinetics to improve hybridization efficiency and reduce
hybridization time [120]. Thus, the chip was realized for faster and more efficient detection.

Galectin-1 protein is a biomarker of bladder cancer. An impedance immunosensor for
detecting bladder cancer in urine was developed, as shown in Figure 8d [121]. Before mea-
suring the impedance signal, the authors used dielectrophoretic force to capture nanoprobes
(Gal-1 antibody) on the surface of the microelectrode, in order to improve the sensitivity of
the sensor. Alsabbagh et al. designed a microfluidic impedance biosensor for the detection
of myocardial infarction proteins by electrochemical impedance spectroscopy [122]; in
particular, Troponin I, which is a biomarker for the diagnosis of myocardial infarction, was
targeted. Self-assembled thiolated oligonucleotides tested on gold electrodes were found to
perform better, as they improved the performance of the impedance signal. Fluorescence
analysis and electrochemical impedance spectroscopy were integrated to measure aggre-
gated C-reactive proteins [123]. The circular array of electrodes was designed to create
electrokinetic flow for C-reactive protein aggregation. Interdigitated microelectrode arrays
were modified by the self-assembled monolayers of mercaptocaproic acid for detecting the
arthritis anti-CCP-ab biomarker [124]. The experimental results showed that the sensor
response increased linearly with the stepwise increase of the biomarker concentration. A
polyaniline (PANI)/MoS2-modified screen-printed electrode was detected for anti-cyclic
citrullinated peptide [125]. Among them, the polymerized PANI-Au nanomatrix was uti-
lized to entrap the aCCP antibodies for amplification of the higher signal. A peptide-based
electrochemical sensor was used to detect autoantibodies for the diagnosis of rheuma-
toid arthritis [126]. The developed peptides were modified on the gold surface of the
working electrode by a self-assembled monolayer method. Subsequently, the sensor was
clinically demonstrated to have better sensitivity using 10 clinically validated samples from
rheumatoid arthritis patients and 5 healthy control samples.

Chiriaco et al. designed a microfluidic electrochemical impedance biosensor to detect
cholera toxin [127] with sensitivity less than 10 pM. Liu et al. developed a biosensor for
the rapid screening of toxic substances in drinking water [128]. Cells are damaged due to
toxins in water, resulting in decreased impedance and an increase in resonance frequency.
Impedance and mass sensing measurements can help to improve sensor accuracy. An
impedance biosensor was used to detect the cytotoxicity of tamoxifen in cervical cancer
cells [129]. The experimental results showed that the dose of tamoxifen resulted in a
significant reduction in the number of HeLa cells. The same article demonstrated that
impedance biosensors can be used for the evaluation of novel drugs and cytotoxicity.

A microfluidic impedance sensor was designed for pesticide detection in vegeta-
bles [130]. Anti-chlorpyrifos monoclonal antibody was immobilized on an interdigitated
electrode array. The capture of chlorpyrifos produced a change in impedance. Zeng et al.
integrated magnetic focusing into impedance microsensors for oil monitoring [131]. The
highly focused magnetic field was derived from two electromagnetic coils and eight silicon
steel tips, where the silicon steel tips greatly improved the sensitivity of the sensor.
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5.7. Conclusions of the Glass Chips

Microfluidic impedance sensor glass chips have two great development directions:
electrochemical impedance spectroscopy and electrical impedance flow cytometry. The
difference between the two lies in the state of the measured object. For example, in an
electrical impedance flow cytometer, as shown in Figure 6, the cells are stationary. The
cells may be attached to the bottom of a microgroove or a microchamber, where the culture
medium is quiescent. On the other hand, cells may be trapped by the microstructures and
focused by the dielectrophoretic force, thus, fixing them in one position. In an electrical
impedance flow cytometer, the cells are in a dynamic state, as shown in Figure 7. For the
impedance sensing of other organisms, the main technology relies on the modification of
electrodes and the combination of antigens and antibodies.

6. Paper-Based Impedance Biosensors

Lei et al. combined the electrical impedance measurement technique with the hy-
drophilic properties of a paper base into a system for recording and analysis [132]. Through
impedance analysis, a trend proportional to cell proliferation was observed. A paper-
based electrochemical impedance DNA sensor for tuberculosis detection was developed
by Teengam et al., as shown in Figure 9a [133]. Carbon graphene inks were printed as
working and counter electrodes, while reference electrodes and conductive pads were
screen-printed with silver/silver chloride ink. Pyrrolidine peptide nucleic acid (acpcPNA)
was immobilized on cellulose paper, and changes in impedance were induced in the pres-
ence of Mycobacterium tuberculosis. Rengaraj et al. developed paper-based electrodes for the
impedance detection of bacteria in water, as shown in Figure 9b [134]. The paper-based
electrodes were made of carbon on hydrophobic paper formed by screen printing. The
cellulose was cross-linked before use in order to enhance the strength of the paper substrate
and the electrical properties of the screen-printed electrodes. The same article was the first
to combine the hydrophobicity of paper substrates with the electrochemical functionaliza-
tion of electrodes. A paper-based microfluidic impedance chip was developed to sense
alpha-fetoprotein in human serum using peptide-modified plastic paper [135]. The sensor
included two layers, where the upper layer was cellulose chromatography paper, and the
lower layer was plastic paper. Among them, the sensing electrodes were printed with
Ag-20 wt % graphene. The limit value of alpha-fetoprotein in PBS detected by the sensor
was 1 ng/mL. Lei et al. used hydrogel to encapsulate cells and then cultured them on top
of paper substrates [136]. The resulting analysis could more accurately distinguish the
impedance differences between two cells and under the action of a drug. Some studies have
used electrochemical impedance spectroscopy to detect miRNA-34a, which is a biomarker
of cancer and Alzheimer’s disease [137]. PAMAM dendrimers were modified on the surface
of screen-printed electrodes. The results indicated that the difference between miRNA-34a
and miRNA-15 or miRNA-660 could be distinguished through electrochemical impedance
spectroscopy. Cardiac troponin I is a biomarker for the early diagnosis of acute myocardial
infarction. A paper-based impedance immunosensor was developed to detect cardiac
troponin I [138], for which multi-walled carbon nanotubes were immobilized on carbon ink
electrodes. Then, cardiac troponin I antibody was immobilized on multi-walled carbon nan-
otubes. Finally, cardiac troponin I was captured by the antibody, affecting the impedance
signal. Li et al. designed paper-based electrochemical impedance spectroscopy to detect
coronavirus (COVID-19), as shown in Figure 9c [139]. The carbon ink was first printed on
paper, and a layer of zinc oxide nanowires was grown on the carbon ink. Then, probes and
blocking molecules were immobilized on its surface. Finally, the target molecules were
captured for impedance sensing. The results showed that the enhanced ZnO nanowires
can improve impedance sensitivity. Electrochemical impedance spectroscopy was used to
analyze artificial sweat using hand-painted electrodes [140]. Electrodes were drawn on the
opposite side of the paper in order to reduce the double-layer capacitance. The silver elec-
trode pattern paper chip had stronger impedance stability than the graphite electrode paper
chip. Research and development of paper-based electrochemical impedance spectroscopy
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was conducted for the detection of microRNA 155 [141], for which gold nanoparticles
changed the properties of paper-based electrodes. S. Karuppiah developed a paper-based
impedance biosensor for monitoring bacteria in water [142]. The electrodes of the biosensor
were screen-printed with graphene (G) and then surface-modified with graphene oxide
(GO). The lectin concanavalin A was then immobilized on the modified electrode described
above. A paper-based impedance sensor was used to sense miRNA-155 and miRNA-21
for the early diagnosis of lung cancer, as shown in Figure 9d [143]. The authors used
MoS2 crystals and MoS2 nanosheets to modify the paper-based electrodes. Paper-based
electrochemical impedance spectroscopy was used to detect foodborne pathogens (Lis-
teria) [144]. Tungsten disulfide nanostructures were used as paper-based electrodes for
impedance sensors.

 

(a) (b)

(c)

(d)

Figure 9. Paper-based impedance biosensors. (a) A paper-based electrochemical impedance DNA
sensor was developed for tuberculosis detection. Reproduced with permission from [133]. Copyright
Analytica Chimica Acta 2018. (b) Paper-based electrodes for impedance sensors were used to detect
the bacteria in water. Reproduced with permission from [134]. Copyright Sensors and Actuators
B: Chemical 2018. (c) A paper-based electrochemical impedance spectroscopy was designed to
detect coronavirus (COVID-19). Reproduced with permission from [139]. Copyright Biosensors and
Bioelectronics 2021. (d) Paper-based impedance sensor was used to sense miRNA-155 and miRNA-21
for early diagnosis of lung cancer. Reproduced with permission from [143]. Copyright Talanta 2022.
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Paper-based chips have great advantages due to their low material cost. Microelec-
trodes with small line widths on paper-based chips and antibodies combined onto the
microelectrodes will be key technologies for the development of paper-based chips.

7. Stretchable Biosensors

Furniturewalla et al. designed a microfluidic impedance cytometer on a flexible circuit
board in the form of a portable wristband [145]. Lock-in amplification, a microfluidic biosen-
sor, a microcontroller, and a Bluetooth module are integrated into the wristband. Flexible
and stretchable biosensors for skin physiological parameter monitoring have been devel-
oped [146], where screen printing was used to fabricate sensing electrodes in flexible and
stretchable conductive materials originally intended for epidermal tattooing. A retractable
body biosensor for sensing the biomarker cortisol in sweat was published, as shown in
Figure 10a [147]. A pullable body impedance biosensor was designed at the bottom layer
and attached to the skin, following which microfluidic microvalves and microchannels
were applied to this wearable patch. A stretchable microfluidic immunobiosensor patch
was used for sensing neuropeptide Y in human sweat [148]. Conductive microfibers that
can be stretched help to improve the sensitivity of the biosensor patches. Sensors attached
to the skin can detect biomarker concentrations in human sweat at levels as low as fm. A
wearable microfluidic impedance immunosensor for sweat cortisol detection was designed,
as shown in Figure 10b [149], where microfluidic channels and chambers were integrated
into the wearable patch, and Ti3C2Tx MXene nanosheets were incorporated in the porous
structure of graphene. The wearable microfluidic impedance immunosensor could detect
cortisol down to 88 pM.

 

(a) (b)

Figure 10. Stretchable impedance biosensors. (a) All-polymer electrochemical microfluidic biosensors
were used for sensing the biomarker cortisol in sweat. The pullable body impedance biosensor was
designed at the bottom layer and attached to the skin. Reproduced with permission from [147].
Copyright Biosensors and Bioelectronics 2020. (b) A wearable microfluidic impedance immunosensor
was designed for sweat cortisol detection. Microfluidic channels and chambers were integrated into
the wearable patch. Reproduced with permission from [149]. Copyright Sensors and Actuators B:
Chemical 2021.

Stretchable chips for microfluidic impedance sensors comprise a novel research di-
rection. At present, impedance sensing signals are mostly measured on the skin. The
stretchability and bendability of such materials are key features, especially the flexibility of
the electrode materials. In this line, conductive hydrogels may be a helpful technology.
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8. Conclusions

Impedance biosensors integrated with microfluidic technology are powerful tools for
understanding electrical information in microscopic and sub-microscopic organisms. The
integrated sensors have the key characteristics of improved sensitivity, reduced reagent
consumption, short analysis time, reduced instrument size, and simple operation. In this
paper, the developed microfluidic impedance sensors were classified into six categories:
silicon chip-, PCB chip-, polymer chip-, glass chip-, paper chip-, and stretchable chip-based.
No matter which type of chip is to be developed, the microfabrication of microelectrodes
and the bonding of chemicals are key technologies.

Silicon-based chips are made by the MEMS process developed by Taiwan Semiconduc-
tor Manufacturing Co., Ltd., which can become the commercialization direction of electrical
impedance biosensors. The development of PCB chips was limited by the line width of the
electrodes, which makes it impossible to improve sensitivity. Therefore, PCB chips are more
suitable for production or commercial designs with a fast sensing speed and low sensitivity
requirements. Polymer materials are suitable for mass production. Therefore, polymer
chips can be one of the options for commercialization. Microfluidic impedance sensor glass
chips have two great development directions: electrochemical impedance spectroscopy
and electrical impedance flow cytometry. The difference between the two lies in the state of
the measured object. In an electrical impedance flow cytometer, the cells are stationary. In
an electrical impedance flow cytometer, the cells are in a dynamic state. For the impedance
sensing of other organisms, the main technology relies on the modification of electrodes
and the combination of antigens and antibodies.

Since the development of microfluidic impedance sensors, the development of the
principle has mostly stagnated since 2014, especially electrical impedance flow cytome-
ters. Therefore, with regard to the development of sensing applications, specific antigen–
antibody binding may not easily to become a break-point in relevant research. Instead,
paper-based chips and stretchable chips are expected to become the focus of future develop-
ment related to microfluidic impedance sensors. As the COVID-19 virus has spread globally
in recent years, this variable virus needs to be sensed by electrical impedance biosensors.
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Abstract: Small-molecule contaminants, such as antibiotics, pesticides, and plasticizers, have emerged
as one of the substances most detrimental to human health and the environment. Therefore, it is
crucial to develop low-cost, user-friendly, and portable biosensors capable of rapidly detecting
these contaminants. Antibodies have traditionally been used as biorecognition elements. However,
aptamers have recently been applied as biorecognition elements in aptamer-based biosensors, also
known as aptasensors. The systematic evolution of ligands by exponential enrichment (SELEX) is an
in vitro technique used to generate aptamers that bind their targets with high affinity and specificity.
Over the past decade, a modified SELEX method known as Capture-SELEX has been widely used
to generate DNA or RNA aptamers that bind small molecules. In this review, we summarize the
recent strategies used for Capture-SELEX, describe the methods commonly used for detecting and
characterizing small-molecule–aptamer interactions, and discuss the development of aptamer-based
biosensors for various applications. We also discuss the challenges of the Capture-SELEX platform
and biosensor development and the possibilities for their future application.

Keywords: nucleic acid aptamer; DNA and RNA Capture-SELEX; small molecule contaminant;
characterization; aptamer; biosensing applications

1. Introduction

Accumulating evidence suggests that small-molecule contaminants, such as antibi-
otics, pesticides, and plasticizers, pose a severe threat to human health and the environment
worldwide. Antibiotics have been extensively used for decades to treat bacterial infections,
and most are recalcitrant to biodegradation and elimination [1]. Moreover, the global
overuse of antibiotics has led to their long-term persistence in the marine environment.
More than 700,000 human deaths per year are attributable to bacterial resistance to an-
timicrobials (including antibiotics), with this number projected to increase to 10 million
by 2050 [2]. Pesticides are widely used in agriculture to control pests and disease carriers.
According to the World Health Organization, 193,460 unintentional deaths in 2012 were
due to pesticide poisoning [3]. Plasticizers are widely applied in plastic products, such as
Di(2-ethylhexyl)phthalate (DEHP), contaminating the environment. Toxic plasticizers with
their toxicological effects, including endocrine disruption, carcinogenicity, and bioaccumu-
lation potential [4–6], may enter human body via inhalation, ingestion, and dermal contact,
reflecting the high risk of harm to human health.

Some traditional techniques for detecting small-molecule contaminants with high ac-
curacy include high-performance liquid chromatography [7,8], enzyme-linked immunosor-
bent assays [9,10], and liquid chromatography–mass spectrometry [11,12]. However, these
techniques are costly and laborious, and can only be performed by professional technicians.
Therefore, there is an urgent need for robust aptamer-based biosensors (also called aptasen-
sors), for low-cost, user-friendly, and rapid detection of small-molecule contaminants.
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Aptamers are short, single-stranded DNA or RNA oligonucleotides that are able to
bind its target with high affinity and specificity. The development of an aptasensor for
detecting small-molecule contaminants requires the generation of a novel aptamer. It
has gradually replaced traditional antibodies in some applications as they have several
advantages over antibodies, such as thermal stability, low cost, amenability to chemi-
cal modification, and ease of generation [13,14]. Furthermore, when designed appropri-
ately, the chemical modification of aptamers often does not affect—and sometimes even
strengthens—their binding affinity for their targets, whereas the chemical modification
of antibodies may remove their affinity for their targets [13]. Moreover, antibodies can
only bind to a narrow range of targets, such as immunogenic non-toxic molecules and
other molecules that do not cause strong immune responses [13]. In contrast, aptamers
can selectively and tightly bind to a broad range of targets, including proteins [15–17],
cells [18,19], microorganisms [20], and small-molecule contaminants [21–24], which may be
either immunogenic or non-immunogenic. In addition, the in vivo generation of antibodies
is a lengthy process (~6 months or longer) and requires a living host, whereas aptamers can
be generated through in vitro selection (~2–8 weeks) using a method known as systematic
evolution of ligands by exponential enrichment (SELEX) [13].

Three research groups independently developed the first SELEX method and all re-
ported their findings in 1990: Tuerk and Gold [25], Ellington and Szostak [26], and Joyce [27].
Since then, many derivative methods of SELEX have been developed, such as capillary elec-
trophoresis (CE)-SELEX [28–30], graphene oxide (GO)-SELEX [31–33], cell-SELEX [34–36],
in vivo SELEX [37,38], and Capture-SELEX [22,23,39]. Capture-SELEX selects DNA or RNA
aptamers that bind small-molecule contaminants and is partly based on FluMag-SELEX.
Stoltenburg et al. reported FluMag-SELEX in 2005 [40], and it is based on the magnetic
bead (MB)-based SELEX, whereby the fluorescein-labeled oligonucleotides is to monitor the
enrichment of target-specific aptamers with the quantification in each round, and biotiny-
lated target molecules are immobilized onto the surface of streptavidin-coated magnetic
beads (SA-MBs). However, it is more challenging to immobilize biotinylated small-molecule
targets than biotinylated large-molecule targets such as proteins [41], as small-molecule
targets have fewer functional groups. Thus, Capture-SELEX is an effective alternative to
FluMag-SELEX, as Capture-SELEX involves the immobilization of a biotinylated hybridized
library on a solid support, which is more feasible than the immobilization of biotinylated
targets on a solid support (Figure 1). Due to the differences in the principle, Capture-SELEX
also has some deficiencies compared to other SELEX methods [41]. The false-positive
may happen in the immobilization process of Capture-SELEX. The complemented library
may have a dynamic dissociation equilibrium due to the weak force, and some unbound
sequences (non-biotinylated) are also dissociated from the solid support. Moreover, con-
formational changes of the target are essential for the success of aptamer screening and
diversity in the selection process. This review discusses Capture-SELEX-based selection
strategies for small-molecule contaminant targets, methods used to identify and characterize
small molecule–aptamer interactions, and biosensing applications of aptamers generated
using Capture-SELEX.
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Figure 1. The experimental flowchart of DNA Capture-SELEX and RNA Capture-SELEX. (A) DNA
Capture-SELEX. Each DNA Capture-SELEX selection round consists of 7 main steps: (1) The designed
ssDNA library template is hybridized with biotinylated capture-oligonucleotide. (2) The hybridized
product is immobilized on the washed streptavidin-coated magnetic beads. (3–4) Target-bound
sequence elution: counter selection is followed by positive selection. (5) PCR amplification was
performed on the eluted ssDNA to obtain the amplified dsDNA pool, (6) and regenerate ssDNA
for the next DNA Capture-SELEX round (either gel purification or magnetic bead-based method).
(7) After DNA Capture-SELEX, aptamer sequences were identified through sequencing. (B) RNA
Capture-SELEX. The principles and procedures are similar to (A), except that RNA Capture-SELEX
consists of additional transcription (step 1) to convert DNA to RNA and reverse transcription (step 6)
to convert RNA to DNA steps.

2. Principle and General Procedure of Capture-SELEX for Aptamer Selection

2.1. Overview of DNA and RNA Capture-SELEX

The classical procedure of the DNA Capture-SELEX selection method involves hy-
bridization, immobilization, target-bound sequence elution, polymerase chain reaction
(PCR) amplification, regeneration of single-stranded DNA (ssDNA), and sequencing
(Figure 1A). Briefly, in the first step, a random ssDNA library is designed with a docking
site that is complementary to the biotinylated capture oligonucleotides, and these ssDNAs
are hybridized with capture-oligonucleotides to form biotinylated hybridized library via
Watson-Crick base pairing. Next, the biotinylated library is immobilized onto SA-MBs,
which function as solid support, and the loaded SA-MBs are then washed several times
to remove the residual and non-specific sequences using a magnetic rack and generate a
washed biotinylated library on the MBs (which comprise superparamagnetic iron oxide).
Subsequently, a magnetic rack also used to discard supernatant (unbound or non-specific
sequences), after which the counter-selection process is performed, wherein a counter target
with a similar chemical structure and concentration as the positive targets, enhances the
binding affinity and specificity of aptamers towards it positive small-molecule target [42].
Counter selection can be performed either in the last few rounds [39,43] or between the
selected rounds [44,45] of Capture-SELEX, and the concentration of the counter target
should be the same as the positive target in step 3 (Figure 1A). The negative selection
is followed by positive selection. Next, an elution is performed; if the binding affinity
between the target and aptamer is higher than that between the aptamer and the capture
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oligonucleotide, the target-bound aptamer candidates are eluted. As the library sequences
interact with the positive targets, only sequences with conformational changes due to the
interaction can be eluted from the MBs [46].

In this review, we summarize two main strategies used to regenerate ssDNA from
amplified dsDNA in step 6 (Figure 1A): the gel purification method [21,23,47] and the
MB-based method [24]. A primer is designed and modified in order to identify the sense
strand in the denaturing polyacrylamide gel, such as a reverse primer with poly-dA20
extension or a forward primer labeled with either fluorescein or the cyanine dye Cy3. The
gel purification method involves denaturing polyacrylamide gel electrophoresis (PAGE),
followed by extraction and purification. The MB-based method begins with PCR products
with biotinylated reverse primers being incubated to facilitate their deposition onto MBs.
The supernatant is then removed, and the non-biotinylated forward strands of dsDNA PCR
products are released from the MBs by treatment with sodium hydroxide and then neu-
tralized by treatment with an appropriate amount of tris(hydroxymethyl)aminomethane
hydrochloride or hydrochloric acid. The regenerated ssDNA in each round is collected for
the next round of selection and then prepared for sequencing after several rounds of selec-
tion. Currently, Capture-SELEX is mostly applied for the selection of DNA aptamers rather
than RNA aptamers. RNA Capture-SELEX adopts the same selection strategies as DNA
Capture-SELEX, except for including two more steps: transcription and reverse transcrip-
tion (Figure 1). In addition, more rounds need to be performed in DNA Capture-SELEX
(8–20 rounds) than in RNA DNA Capture-SELEX (6–12 rounds) to enrich the target-bound
pool sufficiently.

2.2. Sanger and Next-Generation Sequencing and Analysis

Sequencing is a crucial step performed after the SELEX-based selection of aptamer
candidates and before aptamer–target characterization. Here, we review two of the main
methods used for sequencing aptamers, those being Sanger sequencing and next-generation
sequencing (NGS). Sanger sequencing is a DNA sequencing technology based on the chain
termination method invented by Frederick Sanger and his colleagues [48] in 1997. The
main workflow involves blocking the polymerase-mediated elongation of DNA through the
incorporation of fluorophore-labeled dideoxynucleotides (dideoxyadenosine triphosphate,
dideoxyguanine triphosphate, and dideoxythymine triphosphate) at the 3′ ends of DNA
sequences, resulting in various lengths of DNA fragments for size separation and fluorescent-
based detection. This method has the advantages of high precision, high efficiency, and
low radioactivity, and the disadvantages of being expensive and having low-quality primer
binding in the first 15 to 40 base pairs [49]. Subsequently, high-throughput second- and
third-generation sequencing were invented and superseded Sanger sequencing [50]. In
1998, Balasubramanian and Klenerman co-invented Solexa sequencing [51], also known as
NGS. This method differs from Sanger sequencing mainly in its mode of chain termination:
modified deoxynucleoside triphosphates (dNTPs) with a reversible terminator are used to
terminate polymerization and are then removed to allow incorporation of the next modified
dNTP [52]. NGS offers some advantages over Sanger sequencing, including enabling
massively parallel sequencing in a short period and having a lower cost per base pair.

In order to analyze sequencing data, in silico technique towards SELEX facilitate
the aptamer selection [53–55]. The initial step is primary sequence analysis using some
bioinformatic tools, such as ClustalW [56] and Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/ (accessed on 12 October 2022)) [57]. Multiple sequence alignment
is performed to divide sequences into families or clusters. The conserved regions of the
sequences are analyzed using Gblocks software. Furthermore, Multiple Expectation maxi-
mizations for Motif Elicitation (https://meme-suite.org/meme/tools/meme (accessed on
12 October 2022)) [58] is used to identify the sequence motif, which provides the basis for
downstream analysis. Aptamers can form diverse secondary structures, such as stem-loop,
triplex, G-quadruplex, and pseudoknot structures; thus, enriched sequences can also be
selected based on secondary structure and Gibbs free energies (ΔG) prediction. Several nu-
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cleic acid structure-prediction Web servers are available and are often used to computation-
ally predict secondary structures and Gibbs free energies (ΔG) of aptamer sequences. These
include MFOLD (http://www.unafold.org/mfold/applications/dna-folding-form.php
(accessed on 12 October 2022)) [59], KineFold (http://kinefold.curie.fr/ (accessed on 12 Oc-
tober 2022)) [60], and RNAstructure (https://rna.urmc.rochester.edu/RNAstructure.html
(accessed on 12 October 2022)) [61]. The predicted secondary structures were then con-
verted into unique three-dimensional (3D) structures using online web servers. These in-
clude fragment-based methods: RNAComposer (https://rnacomposer.cs.put.poznan.pl/
(accessed on 12 October 2022)), 3dRNA (http://biophy.hust.edu.cn/3dRNA (accessed
on 12 October 2022)), and Vfold 3D (http://rna.physics.missouri.edu/vfold3D/ (ac-
cessed on 12 October 2022)); and energy-based method: simRNA (https://genesilico.
pl/SimRNAweb (accessed on 12 October 2022)) [62]. Molecular docking tools include
AutoDock, AutoDock Vina, and DOCK, which were used to predict the predominant
binding modes and regions of the target molecule based on the generated binding scores
for specific sequences [63–65]. After a few prediction steps, the aptamer candidates are
shortlisted and subjected to binding tests and characterization.

3. Small-Molecule–Aptamer Interaction and Characterization

The secondary structures of aptamers often organize into complex three-dimensional
structures to maintain global stability and form functional conformations. Therefore, a
stable aptamer can strongly bind to small molecules and shape the aptamers-target complex
via weak noncovalent interaction forces, including hydrogen bonding, π-π stacking, van der
Waals forces, hydrophobic, and electrostatic interactions. The aptamer-target interactions
may either depend on the availability of narrow binding pockets in the three-folded
structures of aptamers or the chemical characteristics of targets and the aptamer candidate
or the length of the oligonucleotides, for example, removing excess flanking nucleotides
outside the binding site (truncated aptamer), which is also a strategy to improve binding
affinity and specificity [66,67]. In order to assess the binding strength and specificity of the
interaction between an aptamer and its target, binding assays are used to determine the
dissociation constant (Kd) (Table 1), i.e., the binding affinity between an aptamer and its
cognate target (and between an aptamer and its non-cognate targets), where the lower the
Kd value, the stronger the interaction. Several factors may influence the Kd value, such
as temperature, pH value, ionic concentrations, and hydrophobicity of the solution [66].
Below, we discuss the six standard assays used for characterizing the interactions between
small-molecule contaminants and aptamers generated using DNA/RNA Capture-SELEX
(Figure 2). In contrast with traditional methods, such as HPLC and LC-MS, these assays
are highly sensitive, non-toxic, and inexpensive.

Table 1. A list of small molecule contaminant-specific aptamers developed by Capture-SELEX method
as of to date.

Name Class Aptamer Sequence (5′–3′) nt
Dissociation
Constant (Kd)

Ref.

Kanamycin A
CAS no.: 59-01-8

Aminoglycoside
antibiotic

ATACCAGCTTATTCAATTAGCCCGGTATTGA
GGTCGATCTCTTATCCTATGGCTT GTCCCCCAT
GGCTCGGTTATATCCAGATAGTAAGTGCAATCT

97 3.9 μM [22]
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Table 1. Cont.

Name Class Aptamer Sequence (5′–3′) nt
Dissociation
Constant (Kd)

Ref.

Ofloxacin
CAS no.: 82419-36-1

 

Antibiotic

ATACCAGCTTATTCAATTGCAGGGTAT
CTGAGGCTTGATCTACTAAATGTCGT
GGGGCATTGCTATTGGCGTTGATACGTA
CAATCGTAATCAGTTAG

98 0.11 ± 0.06 nM [39]

Furaneol
CAS no.: 3658-77-3

Aroma
compound

CGACCAGCTCATTCCTCACCACGA
GAAAGGAGCTCGATGAACTGCGAGC
CGGATTCGACCCTATGCGAGTAGGTG
GTGGATCCGAGCTCACCAGTC

96 1.1 ± 0.4 μM [68]

Vanillin
CAS no.: 121-33-5

Flavoring

CGACCAGCTCATTCCTCAGGAGAAA
CATGGAGTCTCGATGATGTAGGAGCGG
CGGAACGTAGGAAGAGA
GGATGACGGAGGATCCGAGCTCACCAGTC

98 0.9 ± 0.3 μM [23]

Erythromycin
CAS no.: 114-07-8

Antibiotic
AGGAATTCACGTCTCACTGGATTCACGCAC
GCCAAGGACTGCACTTAAGGTTAGA
TAGCCCCATGCAGTGAGTCAGGATATCG

83 20 ± 9 nM [24]

Spermine
CAS no.: 71-44-3 Biogenic amine TATGAACGATTTACTCGTACAGA

CGACACTTATCATTTGC 40 9.648 ± 0.896 nM [44]

Tetrodotoxin
CAS no.: 4368-28-9

Toxin

ATACCAGCTTATTCAATTTAATGCGGG
GTGAGGCTCAATCAAGGAAAGATATAAGTAA
GCAAAAAGGTCAAACAAGGGCGA
GATAGTAAGTGCAATCT

98 7 ± 1 nM [43]

Chlorpromazine
CAS no.: 50-53-3

Phenothiazine TCGGAGGGAAGTGCACCCATTCTTGGAAACAG
GAGCTCCTGAACCGCCCACACGC 55 69.8 ± 9.81 nM [69]

Roxithromycin
CAS no.: 80214-83-1

Antibiotic
ATTGGCACTCCACGCATAGGCACACCCAC
CGGCCTAGCCACACCATGCTGCTGTTGC
CCACCTATGCGTGCTACCGTGAA

80 0.46 ± 0.08 μM [70]

Di(2-ethylhexyl) phthalate
(DEHP)
CAS no.: 117-81-7

Plasticizer
ACGCATAGGGTGCGACCACAT
ACGCCCCATGTATGTCCCTTGGTT
GTGCCCTATGCGT

58 2.26 ± 0.06 nM [71]
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Table 1. Cont.

Name Class Aptamer Sequence (5′–3′) nt
Dissociation
Constant (Kd)

Ref.

Acyclovir (ACV)
CAS no.: 59277-89-3

Aminoglycoside
Antibiotics

TGAGCCCAAGCCCTGGTATGTGAAAACATACT
AGACGTGGCTATGTATTTTTAAATCAA
TGGCAGGTCTACTTTGGGATC

80 32.67 ± 4.127 nM [72]

Glutamate
CAS no.: 56-86-0

Excitatory
neurotransmitter

GCATCAGTCCACTCGTGAGGTCGACTGA
TGAGGCTCGATCAGGAGCGCCGCTCG
ATCGCACTTTCACAGGATAGTAGTTG
GTAGCGACCTCTGCTAGA

98 12 ± 6 μM [73]

Famciclovir (FCV)
CAS no.: 104227-87-4

Aminoglycoside
Antibiotics

TGAGCCCAAGCCCTGGTATGTGAAAACA
TACTAGACGTGGCTATGTATTTTTAAAT
CAATGGCAGGTCTACTTTGGGATC

80 47.35 ± 10.42 nM [72]

Ganciclovir (GCV)
CAS no.: 82410-32-0

Aminoglycoside
Antibiotics

TGAGCCCAAGCCCTGGTATGTGAAA
ACATACTAGACGTGGCTATGTATTTTTAA
ATCAATGGCAGGTCTACTTTGGGATC

80 47.91 ± 13.47 nM [72]

Penciclovir (PCV)
CAS no.: 39809-25-1

 

Aminoglycoside
Antibiotics

TGAGCCCAAGCCCTGGTATGTGAAAA
CATACTAGACGTGGCTATGTATTTTT
AAATCAATGGCAGGTCTACTTTGGGATC

80 33.29 ± 5.851 nM [72]

Levamisole (LEV)
CAS no.: 14769-73-4

Veterinary drug

AATCAAACGCTAAGGTCAAGGGAGAG
TGCACCCATTCTTGGGGCCCCGGGC
CAGCCCCGACACGCCGCCGAAG
CTTGGTACCCGTATCGT

90 66.15 ± 11.86 nM [74]

Valaciclovir (VACV)
CAS no.: 124832-26-4

Aminoglycoside
Antibiotics

TGAGCCCAAGCCCTGGTATGTGAAA
ACATACTAGACGTGGCTATGTATTTT
TAAATCAATGGCAGGTCTACTTTGGGATC

80 44.26 ± 6.744 nM [72]

Tetrodotoxin
CAS no.: 4368-28-9

Toxin
ATACCAGCTTATTCAATTTAATGCGGGGTGAGG
CTCAATCAAGGAAAGATATAAGTAAGCAAAAAG
GTCAAACAAGGGCGAGATAGTAAGTGCAATCT

98 7 ± 1 nM [43]
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Table 1. Cont.

Name Class Aptamer Sequence (5′–3′) nt
Dissociation
Constant (Kd)

Ref.

Ribavirin
CAS no.: 36791-04-5

Antiviral agent AAAGTAATGCCCGGTAGTTATTCAAAGATGA
GTAGGAAAAGA 42 61.19 ± 21.48 nM [45]

Gymnodimine-A
CAS no.: 173792-58-0

Toxin GCGACCGAAGTGAGGCTCGATCCAAGGTG
GACGGGAGGTTGGATTGTGCGTG 52 34.5 ± 1.72 nM [75]

λ-cyhalothrin
CAS no.: 91456-08-6

Pesticide AGGGGAAGCACGGGCGGGCG 20 10.27 ± 1.33 nM [76]

Malachite green (MG)
CAS no.: 569-64-2 Veterinary drug

(1) CGCAGCGCGGCAGACAGTCAGGCTC
AGCACGTGGCA 36 102.46 μM [77]

(2) CACTCCACGCATAGGGACGCGAATTGCG
GACCTATGTGTGGTGTG 45 2.3 ± 0.2 μM [78]

Leucomalachite green
(LMG)
CAS no.: 129-73-7

Antimicrobial CACTCCACGCATAGGGACGCGAATTGCGGA
CCTATGTGTGGTGTG 45 8.2 ± 1.2 μM [78]

Phorate
CAS no.: 298-02-2

Organothiophosphate
insecticide

AAGCTTGCTTTATAGCCTGCAGCGAT
TCTTGATCGGAAAAGGCTGAGAGCTACGC 55 1.11 μM [79]

Profenofos
CAS no.: 41198-08-7

Organothiophosphate
insecticide

AAGCTTGCTTTATAGCCTGCAGCGATTC
TTGATCGGAAAAGGCTGAGAGCTACGC 55 1 μM [79]

Isocarbophos
CAS no.: 24353-61-5

Organothiophosphate
insecticide

AAGCTTGCTTTATAGCCTGCAGCGATTCTTGATCG
GAAAAGGCTGAGAGCTACGC 55 0.83 μM [79]

Omethoate
CAS no.: 1113-02-6

Organothiophosphate
insecticide

AAGCTTTTTTGACTGACTGCAGCGATTC
TTGATCGCCACGGTCTGGAAAAAGAG 54 2 μM [79]
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Table 1. Cont.

Name Class Aptamer Sequence (5′–3′) nt
Dissociation
Constant (Kd)

Ref.

Cortisol
CAS no.: 50-23-7

Steroid hormone
GGAATGGATCCACATCCATGGATGGGCAATG
CGGGGTGGAGAATGGTTGCCGCA CTTCGGCTTC
ACTGCAGACTTGACGAAGCTT

85 6.9 ± 2.8 nM [80]

Tobramycin
CAS no.: 32986-56-4

Aminoglycoside
antibiotic

CCATGATTCAACTTTACTGGTCTTGTCT
TGGCTAGTCGTGTGTCATTCCCGTAAGGG 57 200 nM [47]

Clenbuterol hydrochloride
(CLB)
CAS no.: 21898-19-1

beta-adrenergic
agonist

AGCAGCACAGAGGTCAGATGTCATCTGAAG
TGAATGAAGGTAAACATTATTTCATTAA
CACCTATGCGTGCTACCGTGAA

80 76.61 ± 12.7 nM [81]

Ractopamine
CAS no.: 97825-25-7

Veterinary drug
AGCAGCACAGAGGTCAGATGGTCTCTAC
TAAAAGTTTTGATCATACCGTTCACTAATTG
ACCTATGCGTGCTACCGTGAA

80 54.22 ± 8.02 nM [82]

Atrazine
CAS no.: 1912-24-9

Herbicide
TGTACCGTCTGAGCGATTCGTACTTTATTCG
GGAAGGGTATCAGCGGGGTTCAACAA
GCCAGTCAGTCAGTGTTAAGGAGTGC

83 3.7 nM [83]

Zearalenone
CAS no.: 17924-92-4

Mycotoxin

ATACCAGCTTATTCAATTCTACCAGCTTT
GAGGCTCGATCCAGCTTATTCAATTATA
CCAGCTTATTCAATTATACCAGCACAATC
GTAATCAGTTAG

98 15.2 ± 3.4 nM [84]

Fenitrothion
CAS no.: 122-14-5

Phosphorothioate
insecticide

CTCTCGGGACGACGGGCCGAGTAGTCTCCAC
GATTGATCGGAAGTCGTCCC 51 33.57 nM [85]

Malathion
CAS no.: 121-75-5

Organophosphate
insecticide

GGGATACAGGTAGTATGGCATGTGCTAGCG
GTTGCA 36 22.56 nM [86]

Fipronil
CAS no.: 120068-37-3

Insecticide ACGACAGATAGTGTGTACATGAAGGGTCGT 30 15 nM [87]
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Table 1. Cont.

Name Class Aptamer Sequence (5′–3′) nt
Dissociation
Constant (Kd)

Ref.

Diazinon
CAS no.: 333-41-5

Organophosphate
insecticide TTCCGATCAATCGTGGAGACTACTCGGCCC 30 4.571 ± 0.714 μM [88]

Ethyl carbamate (EC)
CAS no.: 51-79-6

Organic
compound GGGGGCACGGGAGGT 15 17.97 ± 0.98 nM [89]

3,4-methylenedioxypyrov-
alerone (MDPV)
CAS no.: 687603-66-3

Synthetic
cathinone

CTTACGACTCAGGCATTTTGCCGGGTAAC
GAAGTTACTGTCGTAAG 46 6.1 ± 0.2 μM [90]

Dichlorodiphenyltrichloroethane
(o,p’—DDT)
CAS no.: 789-02-6

Insecticide
TCCAGCACTCCACGCATAACGAATTGTGC
TCAATGCGCCCCTGCAGTGAATGTGGAATT
TGTTATGCGTGCGACGGTGAA

80 412.3 ± 124.6 nM [91]

Penicillin G
CAS no.: 61-33-6

β-lactam
antibiotic

GGGAGGACGAAGCGGAACGAGATGTAGAT
GAGGCTCGATCCGAATGCGTGACGTCTATCGGA
ATACTCGTTTTTACGCCTCAGAAGACACGCCCGACA

98 – [21]

3.1. SYBR Green I (SGI) Assay

The binding affinity of Capture-SELEX-generated aptamers for small molecules can be
identified by a novel label-free fluorescence SGI assay [24,68,70,73,83]. SGI is a fluorescent
nucleic-acid-intercalating dye that was introduced in the 1990s and is widely applied
in real-time PCR [92–94], fluorescent gel imaging [95,96], and flow cytometry [97,98]. It
intercalates into the minor groove of DNA base pairs or adenine–thymine-rich stem-loop
sites to form a fluorescent complex with DNA [99]. The fluorescence intensity of SGI–DNA
complexes is measured in the range of 505 to 650 nm, with an excitation wavelength of
495 nm and an emission wavelength of 525 nm, using a spectrophotometer or a microplate
reader; thus, an SGI assay identifies the binding affinity of aptamers for small-molecule
targets by detecting the change in the fluorescent signal induced by the dissociation of SGI
from the aptamers upon their binding with these small-molecule targets, and therefore the
fluorescence intensity decreases (Figure 2A). The fluorescence intensity will be recovered
as the concentration of the aptamers’ small-molecule targets increases.
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Figure 2. A schematic illustration of six commonly used methods for detecting interactions between
small molecule and aptamer. (A) SYBR green I (SGI) assay. (B) Carbon nanoparticles (CNPs)
fluorescence quenching assay. (C) Gold nanoparticles (AuNPs) colorimetric assay. (D) Microscale
thermophoresis (MST) assay. (E) Graphene oxide (GO)-based fluorescent assay. (F) Isothermal
titration calorimetry (ITC) assay.

3.2. Carbon Nanoparticle (CNP) Fluorescence Quenching Assay

CNPs can be readily synthesized [45] in research laboratories, have low toxicity, and
are biocompatible [100]. Due to the strong fluorescence-quenching ability of CNPs’ sp2-
and π-rich structures, they are useful for characterizing the binding affinity of aptamers for
small molecules. This means that when an aptamer is adsorbed onto the surface of CNPs, π-
π stacking interactions that form between the nucleobases and nucleosides of the aptamer
and the CNPs result in fluorescence quenching. Therefore, in the absence of aptamers’
small-molecule targets, aptamers are bound to CNPs, resulting in fluorescence quenching,
whereas in the presence of aptamers’ small-molecule targets, aptamers are bound to these
targets rather than CNPs, and thus fluorescence is not quenched (Figure 2B) [101].

3.3. Gold Nanoparticle (AuNP) Colorimetric Assay

The AuNP colorimetric assay is widely used for characterizing the binding affinity of
an aptamer for its target [24,45,70,71,76,80,83,84]. It is a label-free assay as AuNPs allow the
identification of a target reaction based on colorimetric signals. AuNPs can be synthesized
by reducing chloroauric acid with citric acid and ascorbic acid (the Turkevich method) [102]
or with sodium citrate [103]. The Turkevich method affords AuNPs coated with negatively
charged citrate ions, and thus the AuNPs are treated with sodium chloride to neutralize
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their surface charge and thereby induce their aggregation (Figure 2C) [104]. Owing to
the electrostatic screening effect, the surface plasma resonance absorption peak of AuNPs
undergoes a red shift from 520 nm to 650 nm, which is measured using a microplate
reader and reflects the binding affinity of aptamers to their small-molecule targets. In
the absence of their small-molecule target, aptamers are adsorbed onto the surface of
AuNPs, increasing their colloidal stability of AuNPs and reducing their salt-induced
aggregation [105]. However, in the presence of their small-molecule targets, aptamers
binds to their targets rather than AuNPs, which decreases the colloidal stability of AuNPs
and thereby increases their salt-induced aggregation. This results in a solution containing
AuNPs, aptamers, and their small-molecule targets changing color from red to pink to
purple or even to blue or gray [70].

3.4. Microscale Thermophoresis (MST) Assay

The MST assay is a powerful tool for testing the binding affinity of aptamers for
their small-molecule targets as it only requires a small amount of sample (up to 4 μL),
involves a simple preparation process, and rapidly provides accurate results (within
15 min) [75,76,80]. It is a fluorophore-labeled and immobilization-free assay that is carried
out using a Monolith NT.115 instrument. As shown in Figure 2D, the capillary tray of this
instrument can accommodate up to 16 thin glass capillaries for operation. An infrared
laser heats a specific capillaries area, creating a microscopic temperature gradient on them.
Thus, when an aptamer binds to its small-molecule target, there is a significant change
in fluorescence intensity due to thermophoresis. An MST binding curve (dose-response
curve) is plotted using Affinity Analysis Software to represent specific binding that is
specific to its small-molecule target, which automatically calculates the Kd of an aptamer
for its small-molecule target.

3.5. GO-Based Fluorescent Assay

GO can be synthesized from graphite via the Hummers and Offeman method [106],
which uses potassium permanganate (as the oxidizing agent) and sodium nitrate in a
solution of sulfuric acid [107]. GO has an sp2 structure and numerous oxygen-containing
functional groups [108], such as carbonyl groups, hydroxyl groups, and carboxylic acid
groups, and thus can strongly quench fluorescence. This quenching occurs when a 5′-
fluorescein-labeled aptamer is adsorbed onto the surface of GO through π- π stacking
interactions and hydrogen bonding (Figure 2E). When 5′-fluorescein labeled aptamer is
absorbed onto GO, GO-mediated fluorescence quenching occurs. The fluorescence intensity
will be recovered when the labeled aptamer is desorbed from the surface of GO in the
presence of small-molecule target. The fluorescence intensity change are measured using a
microplate reader, and eventually the Kd value of the aptamer for its small-molecule target
is calculated [72,77,109].

3.6. Isothermal Titration Calorimetry (ITC) Assay

The ITC assay is a label-free and immobilization-free assay for measuring the binding
affinity of an aptamer for its small-molecule target [44,83] in an instrument comprising a
reference cell and a sample cell (Figure 2F). The reference cell is filled with a buffer and
water (without the aptamer or its small-molecule target), while the sample cell is filled
with the buffer and the aptamer and is titrated via syringe with up to 20 volumes of the
aptamer’s small-molecule target [77]. The temperature in the two cell units is maintained at
a constant value, and when the small molecule is titrated against the aptamer in the sample
cell, an exothermic binding reaction occurs. The feedback system of the ITC instrument
then reduces the power supply to the sample cell to prevent an increase in temperature,
leading to a difference in the amount of energy supplied to the reference cell and the sample
cell. Therefore, during this titration, the power supply to the sample cell continuously
decreases until the small-molecule–aptamer binding has been completed. The binding
affinity of the aptamer can then be determined from the energy curve generated [110].
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The ITC instrument measures the exothermic reaction (heat released) and endothermic
reaction (heat absorbed) when the molecules interact. The peak goes downward when the
exothermic reaction occurs, whereas an upward peak is measured when an endothermic
reaction occurs. The downward peak between the interaction of aptamer and small-
molecule target are measured from the ITC instrument using software such as MicroCal
ITC200 and MicroCal PEAQ-ITC.

4. Development of Aptamer-Based Biosensors

To date, Capture-SELEX has been used for screening and generating a series of aptamers
against small-molecule contaminants (Table 1). As aptasensors can be used for low-cost,
rapid, and real-time detection of small-molecule contaminants, they have increasingly sup-
planted conventional antibody-based biosensors. Fluorescent aptasensors are the most popular
(Table 2), and their working principle is similar to that of fluorescent-based characterization
methods. Therefore, two other types of aptasensor are discussed here (Figure 3).

Table 2. Representative biosensors using aptamers against small molecule contaminants that are
generated from Capture-SELEX.

Types Aptamer Targets Limit of Detection (LOD) Detection Range Ref.

Ion-sensitive field-effect transistor
(ISFET)

Vanillin 0.155 μM 0.155–1.0 μM [23]
Furaneol – 0.1–10 μM [68]

Electrochemical impedance
spectroscopy (EIS)

Penicillin G 0.00051 μM 1.2 nM–2.99 μM [21]
Di(2-ethylhexyl) phthalate (DEHP) 0.264 pM – [71]
Glutamate 0.0013 pM 0.01 pM–1 nM [73]

Fluorescent

Spermine 0.052 nM 0.1–20 nM [44]
Tyramine (TYR) 2.48 nM 3.64–728.97 nM [109]
β-phenethylamine 3.22 nM 4.13–825.22 nM [109]
Acyclovir 2.13 nM 8.88–444.03 nM [72]
Famciclovir 1.74 nM 6.22–311.2 nM [72]
Ganciclovir 2.08 nM 7.84–391.80 nM [72]
Penciclovir 1.97 nM 7.9–394.85 nM [72]
Valaciclovir 1.17 nM 6.17–308.32 nM [72]
Ribavirin 2.74 nM 4.09–204.75 nM [45]
Malachite Green 5.84 nM 4.69 nM–2.35 μM [77]
Cadmium ions (Cd(II)) 40 nM 0–1000 nM [111]
Clenbuterol hydrochloride (CLB) 0.22 nM 0.32–159.44 nM [81]
Ractopamine 0.13 nM 0.33–331.79 nM [82]
Chlorpromazine 0.67 nM 1–100 nM [69]
Fenitrothion 14 nM 0–80 nM [85]
Malathion 6.08 nM – [86]
Fipronil 3.4 nM 0–70 nM [87]
Diazinon 148 nM 0.1–25 μM [88]

Lateral flow aptasensor (LFA) Erythromycin 3 pM 1 pM–10 nM [24]
Ethyl carbamate 0.024 μM 0.11–0.67 μM [89]

Colorimetric
Roxithromycin 0.077 μM 0–4.44 μM [70]
λ-cyhalothrin 41 nM 0.22–1.11 μM [76]
Zearalenone 12.5 nM 12.5–402.1 nM [84]
Levamisole 1.12 nM 1–200 nM [74]

Biolayer interferometry (BLI) Gymnodimine-A 6.21 nM 55–1400 nM [75]
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Figure 3. The schematic illustration of aptasensors for the detection of small molecules using
novel aptamer generated from Capture-SELEX. (A) Biolayer interferometry (BLI)-based aptasensor.
(B) A lateral flow aptasensor (LFA) is generally constructed by 4 sections: sample pad, conjugate pad,
nitrocellulose membrane with test line and control line, and absorbent pad. The sample flow from
left to right laterally (left). When the target is loaded onto the sample pad, positive result (red band
for both control and test line) is observed after 15 min (right).

4.1. Biolayer Interferometry (BLI)-Based Aptasensor

Optical-fiber-based BLI biosensors have been developed for real-time, sensitive,
and rapid measurement [112] of interactions between biomolecules, including DNA–
protein [113,114], antibody–antigen [115], and DNA–small-molecule-contaminant inter-
actions [116,117]. The sensor tip of an optical fiber consists of two reflective surfaces: a
streptavidin-coated biocompatible surface, which is immersed in the sample solution, and
an optical layer, which functions as an internal surface (Figure 3A). The biocompatible
surface is functionalized to immobilize a biotinylated aptamer and minimize non-specific
binding. Inside the sensor, these two surfaces generate an interference pattern by reflecting
incident white light. When an aptamer binds to its small-molecule target, a spectral red-
shift (Δλ) occurs as the bound compound immobilizes on the tip surface and the surface
thickness increases. The false-positive results from this sensor can be minimized as the
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non-specific and unbound molecules can be differentiated from the molecules with high
binding affinity, resulting in high detection accuracy [116].

4.2. Lateral Flow Aptasensors (LFAs)

LFAs have been developed as portable detection devices with cost-effective, rapid
(≤15 min), and easy operation and broad applications, such as in the detection of pregnancy,
severe acute respiratory syndrome coronavirus 2 [118,119], and infectious diseases [120].
Owing to the drawbacks of antibodies, LFAs are gradually replacing antibody-based
lateral flow biosensors, although the latter remains predominantly used. In addition, LFAs
have been used to detect antibody-inaccessible small-molecule contaminants [24,89,121].
Figure 3B depicts the LFA concept [121–123], in which AuNPs are typically used for
colorimetric identification of the test line and control line on the strip [124]. The high
affinity aptamer generated from Capture-SELEX against the specific small-molecule target
that splits into two fragmented aptamers (aptamer 1 and 2; Figure 3B) [123]. A sample
solution (a solution of an aptamer’s small-molecule target in buffer) is loaded onto the
sample pad and flows through the conjugate pad (containing AuNP–aptamer 1 conjugates)
by capillary action. When aptamer–small-molecule-target binding occurs, two fragmented
aptamers could rejoint the three-dimensional structure without affecting the binding affinity,
and thus a red band appears in the test line. A complementary DNA (cDNA) is designed
to hybridize with aptamer 1 in the control line and generate a visual signal, which is used
to verify whether the aptasensor is working properly based on the appearance of red band
in both presence or absence of the aptamer target. The excess sample reagent flows from
the test line to the control line and to the absorbent pad eventually. Two slightly different
LFAs have also been developed that use aptamers generated using Capture-SELEX. The
LFA devised by Du et al. [24] combines lateral flow strips and the recombinase polymerase
amplification technique for detecting erythromycin in tap water, whereas that devised by
Xia et al. [89] uses aptamer EC1-34 as a recognition probe for detecting ethyl carbamate.
The latter LFA differs from the former LFA only in terms of its use of a cationic polymer
(such as poly(dimethyldiallylammonium chloride)) instead of streptavidin in the test line.

5. Biosensor Applications

5.1. Food Safety Analysis
5.1.1. Veterinary Drug Residues and Pesticides

Ractopamine (RAC) is a β-adrenergic agonist used illegally as an animal feed additive
for increasing skeletal muscle mass, reducing fat deposition, and increasing protein accre-
tion in livestock [125,126]. The accumulation of RAC in animals may increase the risk of
food poisoning in humans and have other adverse effects on human health, such as causing
headache, tachycardia, and muscle tremors [127]. Therefore, the development of a rapid
and cost-effective biosensor for RAC contamination in food is warranted. Duan et al. [82]
obtained nine aptamer candidates for RAC through 16 selection rounds of Capture-SELEX.
The aptamer RAC-6 showed the highest binding affinity for RAC in a GO-based fluorescent
assay, with weak binding affinity for other off-target species (<22%). The researchers further
developed a fluorescent aptasensor based on RAC-6 that exhibited a linear detection range
of 0.33 to 331.79 nM, a low limit of detection (LOD; 0.13 nM; Table 2), and high recovery
rates (82.57–104.65%). They found that RAC-6 was especially useful for detecting RAC
contamination in pork samples.

λ-Cyhalothrin is a broad-spectrum pyrethroid insecticide used to control agricultural
insect pests, such as Coleoptera, Lepidoptera, and mites, and thus increase agricultural
productivity [128]. Compared with older-generation pesticides, the insecticidal effect
of λ-cyhalothrin is 10–100 times stronger, and overuse of this insecticide may lead to
food contamination [129]. Due to its toxicity, the ingestion of λ-cyhalothrin residues in
food may cause serious adverse effects, including mouth ulcers, nausea, abdominal pain,
and vomiting [130]. Yang et al. [76] used Capture-SELEX to obtain several candidate
aptamers against λ-cyhalothrin. The aptamer LCT-1 showed the strongest affinity and
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specificity for λ-cyhalothrin in a colorimetric assay and its binding affinity was further
optimized by truncation. The dissociation constant of the truncated aptamer, named LCT-
1-39, was improved by approximately 40 nM relative to LCT-1, and similar results were
obtained using the MST assay. LCT-1 and LCT-1-39 were thus used to establish colorimetric
aptasensors for detecting λ-cyhalothrin. These aptasensors demonstrated low LODs for
LCT-1 and LCT-1-39 (43.8 nM and 41.35 nM, respectively; Table 2) and mean λ-cyhalothrin
recovery rates of 82.93–95.50%. Compared with traditional quantification methods, these
colorimetric aptasensors demonstrated more rapid detection of λ-cyhalothrin in cucumber
and pear samples.

5.1.2. Food Additives and Flavoring Agents

Vanillin is the second most popular flavoring agent worldwide and is used as a food
additive in sweet foods and beverages, and a masking agent in numerous pharmaceutical
formulations [131]. It is a phenolic aldehyde that has demonstrated antioxidant, antimicro-
bial, and antifungal activities in various food products [132,133]. Hence, a rapid detection
biosensor is required to monitor vanillin concentrations during processed food production.
Through Capture-SELEX, Kuznetsov et al. [23] obtained six aptamer candidates against
vanillin and found that Van_74 had the highest binding affinity by nondenaturing PAGE.
Its specificity for vanillin was also confirmed in the presence of interferents, such as ben-
zaldehyde, guaiacol, furaneol, ethyl guaiacol, and ethyl vanillin. The authors also found
that Van_74 was sensitive to the composition of the selection buffer. Van_74 was then
used in the development of an ion-sensitive field-effect transistor (ISFET)-based biosensor
that demonstrated a low LOD (0.155 μM) and a dynamic detection range of 0.155–1 μM
(Table 2). This novel aptasensor can be applied for the rapid on-site detection of vanillin
contamination in coffee extracts and mixtures.

Another aroma compound, furaneol, is extensively used as an artificial flavoring agent
as it imparts fruit flavor to food [134], and thus a rapid detection biosensor is required to
monitor furaneol concentrations during processed food production. Komarova et al. [68]
obtained eight aptamer candidates against furaneol through 13 selection rounds of Capture-
SELEX. These aptamers’ binding affinity for furaneol was analyzed by three methods: an
exonuclease protection assay, an SGI assay, and an MB-associated elution assay. The results
revealed that the aptamer Fur_14 had the highest binding affinity for furaneol; therefore,
Fur_14 was used to develop an ISFET-based aptasensor. Fur_14 was further modified with
an alkyne label at its 5′-end, and this Fur_14 derivative exhibited a furaneol detection range
of 0.1–10 μM (Table 2).

Spermine, tyramine (TYR), and β-phenethylamine (PHE) are biogenic amines (BAs)
that are typically present in foodstuffs. As the consumption of foods containing high
concentrations of BAs may cause toxic effects, biosensors are needed for BA detection in
foods [135,136]. Tian et al. [44] obtained aptamer candidates against spermine by Capture-
SELEX selection and tested them using ITC and fluorescence assays. The aptamer APJ-6
showed the highest affinity and specificity for spermine and was, thus, used to develop a
fluorescent aptasensor for spermine detection in pork samples. This aptasensor demon-
strated a linear detection range of 0.1–20 nM and a low LOD (0.052 nM). For detecting TYR
and PHE, Kuznetsov et al. selected and isolated several aptamers using Capture-SELEX.
The selection process was monitored by the melting temperature (Tm) in the screening
process, and Tm peaked during the 14th round for both TYR and PHE. The aptamers TYR-2
and PHE-2 were identified to have the strongest binding affinity and specificity for TYR
and PHE, respectively, based on a GO-based fluorescent assay. TYR-2 and PHE-2 were
then used to develop fluorescent aptasensors for the detection of TYR and PHE in pork
and bear meat samples. These aptasensors demonstrated LODs for TYR and PHE of 2.48
and 3.22 nM, respectively (Table 2), with target recovery rates in the range of 95.6–104.2%,
suggesting their efficacy in detecting TYR and PHE in foods.
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5.2. Aquatic Environment
5.2.1. Veterinary Drug Residues and Pesticides

Erythromycin is a broad-spectrum macrolide antibiotic used to treat diseases such
as diphtheria, pertussis, and bacillary angiomatosis [137]. The natural degradation of
erythromycin is prolonged due to its stable structure, leading to increased erythromycin
resistance among bacteria [138]. As erythromycin diffuses rapidly into most tissues of the
human body, erythromycin pollution of environmental media poses a serious threat to
human health, in addition to the ecosystem. Du et al. [24] obtained 10 aptamer candidates
against erythromycin through 20 selection rounds of Capture-SELEX. The binding affinity
and specificity of the candidates were determined using an SGI fluorometric assay, an
AuNP-based colorimetric assay, a quartz crystal microbalance with dissipation assay, and
an agarose chasing diffusion assay, resulting in the selection of the aptamer Ery_06 for the
development of a novel LFA. This LFA demonstrated an erythromycin-detection range of
250–500 pM in water samples, with a low LOD (3 pM; Table 2) and rapid detection (within
15 min), suggesting its efficacy for erythromycin detection in water.

Roxithromycin is a macrolide antibiotic that poses a similar risk to the ecosystem
and human health as erythromycin, indicating the need to establish a rapid and effective
detection device for monitoring roxithromycin residues in environmental media. Jiang
et al. selected aptamer candidates against roxithromycin after 16 selection rounds of
Capture-SELEX. The aptamer Ap01 demonstrated the highest affinity and specificity for
roxithromycin, as indicated by the results of an SGI assay, and was therefore selected for
the development of a colorimetric aptasensor for roxithromycin. The developed aptasensor
demonstrated a low LOD (0.077 μM) for roxithromycin in water samples (Table 2) and high
recovery rates in the range of 90.48–109.39%.

5.2.2. Toxins and Plasticizers

Gymnodimines (GYMs) are fast-acting cyclic imine toxins that are biosynthesized by
dinoflagellates and have deleterious effects on the aquatic environment with the accumula-
tion. The contaminated environment can have serious toxic effects on filter feeding shellfish
and thereby pose a threat to human health [139]. Zhang et al. [75] used Capture-SELEX to
screen and obtain six aptamer candidates against gymnodimine-A (GYM-A). G48 exhibited
the highest binding affinity (Kd: 288 nM) and was therefore chosen for further optimization
and investigation. The truncated aptamer G48nop demonstrated an improved Kd value
of 34.5 ± 1.72 nM and high specificity for GYM-A. A novel BLI-based aptasensor was
established using this aptamer that detected GYM-A in the range of 55–1400 nM (linear
range of 55–875 nM) and had a low LOD (6.21 nM; Table 2). This BLI-based aptasensor
also demonstrated high recovery rates in the range of 96.65%–109.67%, indicating that is
reliable and efficient in detecting and monitoring GYM-A in water samples.

Di(2-ethylhexyl) phthalate (DEHP) is a plasticizer that is widely used as an additive in
packaging materials, and its residues are known to accumulate and dissolve in water [140].
DEHP is also a well-known endocrine disruptor that can enter the human body through
ingestion of food or water and inhalation with contaminated air that disrupts the immune
system. Lu et al. [71] selected aptamer candidates against DEHP through eight rounds
of Capture-SELEX. Upon high-throughput sequencing and characterizing the candidate
aptamers using an AuNP colorimetric assay and localized surface plasmon resonance,
aptamer 31 was revealed to have high affinity and specificity. Aptamer 31 was thus used
to develop an ultrasensitive electrochemical impedance spectroscopy aptasensor to detect
DEHP in real water samples; this aptasensor demonstrated a low LOD (0.264 pM; Table 2)
and a mean recovery rate ranging from 76.07% to 141.32%.

5.3. Other Potential Applications

Synthetic riboswitches can have several biotechnological applications, such as regulat-
ing gene expression, e.g., the construction of genetic circuits [141,142]. Natural riboswitches
are mainly found in bacteria, while synthetic riboswitches are artificially generated by
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combining aptamer domains (using in vitro SELEX method) with expression platforms to
regulate gene expression via small-molecule-RNA interactions [143,144]. However, using
the conventional SELEX method, only a ciprofloxacin riboswitch aptamer has been devel-
oped, as most aptamers have limitations, such as excellent binding affinity and conformation
switching, and require cellular screening after in vitro selection [145]. Subsequently, Bousse-
bayle et al. [146] identified a paromomycin riboswitch aptamer using Capture-SELEX and
found it had a high affinity (Kd: 21 nM) using an ITC assay. Through further in vivo selec-
tion, this aptamer was revealed to have riboswitching properties. This work has introduced
an efficient protocol for developing synthetic riboswitches and boosted the development of
real-time intracellular biosensors for monitoring metabolic flows in living cells.

Zearalenone (ZEN) is a nonsteroidal estrogenic mycotoxin produced by fungi and
is known to contaminate cereal grains and other crops [147]. Due to its high estrogenic
activity, long-term intake of ZEN residues adversely affects human health by causing
cervical cancer or hyperestrogenic syndrome [147,148]. Zhang et al. [84] obtained aptamer
Z100 against ZEN after eight rounds of Capture-SELEX. Z100 was shown to have high
affinity and specificity for ZEN in a fluorescence assay, and hence was selected to develop
a rapid and on-site AuNP-based label-free aptasensor for detecting ZEN in agricultural
produce. The developed aptasensor had a low LOD (12.5 nM), a linear detection range of
12.5–402.1 nM (Table 2), and high recovery rates in corn powder and feed (96.42–99.78%
and 95.99–103.73%, respectively). This study revealed the great potential for developing
aptamer-based inhibitors for ZEN to enhance animal feed safety.

Fenitrothion (FEN) is a broad-spectrum organophosphorus insecticide mainly used to
control insect pests in agriculture [149]. As FEN is available at a low cost, large amounts of
FEN are frequently applied in agriculture. High concentrations of FEN residues have been
found in foods, which has become a great concern for human health and the environment.
Trinh et al. [85] screened aptamer candidates against FEN through Capture-SELEX. In
the thioflavin T (ThT) displacement assay, the aptamer FenA2 was identified to exhibit
high-affinity FEN binding, as indicated by the loss of fluorescence. FenA2 was further
optimized and used to develop a label-free ThT sensor. The developed aptasensor has a
G4-quadruplex-like structure and a low LOD (14 nM; Table 2). This aptamer may be further
optimized to develop a real-time FEN-detecting aptasensor.

6. Conclusions

Small-molecule contaminants are ubiquitous in the aquatic environment, agriculture
produce, and animal feed due to the overuse of small molecules such as antibiotics and
pesticides, and these contaminants pose a serious threat to human health and the environ-
ment. Owing to the few functional groups on these small molecules, screening aptamers
against them is more challenging than doing so against large-molecule targets. Compared
with other SELEX approaches, which involve the immobilization of small-molecule targets,
the Capture-SELEX approach is more feasible, as they involve the immobilization of a
biotinylated ssDNA/RNA library against which the binding affinity and specificity of
small-molecule targets can be screened. To date, fewer than 50 studies have reported using
Capture-SELEX to identify novel aptamers against specific small-molecule contaminants,
suggesting that this process remains challenging, such as false-positive and lack of diversity.
However, this research field has recently been receiving increasing attention from scientists.
We hope that this review will encourage further research into the use of Capture-SELEX in
generating aptamers against small-molecule contaminants. Six small-molecule aptamer
characterization methods are introduced in this review. The high affinity and specificity
aptamer work as a biorecognition element in aptasensor to detect specific small-molecule
contaminants in environmental media and agricultural produce. This will help to improve
food safety, aquatic environments, and agricultural crop production.
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